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Abstract 
Nitrous oxide (N2O) is a potent greenhouse gas and ozone depleter accounting for 6.2% of 
globally emitted CO2 equivalents. Denitrification, the microbial reduction of NO3-àNO2-
àNOà N2OàN2, is a significant source of N2O in agricultural soils.  The end product of 
the process (N2O or N2) is determined by the net balance of N2O production and consumption 
steps which are in turn sensitive to soil conditions. Therefore, mitigation of N2O emission 
from denitrification is dependent on our basic understanding of factors regulating the 
production and consumption of this gas. Here, I present results contrasting the potential 
biological and chemical causes of varied N2O emission potential in 20 New Zealand pastures 
soils.  
Soil N2O/N2O+N2 was determined by gas chromatography of anoxic soil incubations 
amended with NH4NO3 and compared correlatively to potential chemical or biological 
controls or directly through chemical amendments to soil incubations. Investigations 
revealed soil N2O/N2O+N2 was largely determined by the timing of N2O reduction: some 
soils concurrently produced and reduced N2O from the start of incubations, while others 
delayed N2O reduction until almost all added N was accumulated as N2O in incubation vial 
headspace. The later pattern is hypothesized to result in high N2O emissions in situ. 
Differential nitrite (NO2-) accumulation between alternative phenotype soils and responses 
to exogenous NO2- suggest high NO2- accumulation could account for delayed N2O reduction 
activity. However, the impact of carbon additions (Concurrent à Sequential) and successive 
nitrate additions (Sequential à Concurrent) suggest carbon availability and delayed N2O 
reductase synthesis could also be important driving factors. NO accumulation and inhibition 
is proposed as a potential proximal mechanism linking alternate drivers of soil denitrification 
phenotypes. 
In addition, correlations between changes in microbial community composition as measured 
by 16S rRNA gene sequencing and denitrification phenotypes suggest a potential distal cause 
for delayed N2O reduction activity but also highlight an ongoing issue with denitrification 
research: our inability to satisfactorily identify whether the correlations between soil 
microbial community composition and N2O emission potential reflect a true causative 
relationship. To address this, I utilized a soil extracted cell based experimental design to 
answer a fundamental question about denitrification in complex soil communities: Does 
microbial community composition really matter for a N2O emission outcome and if so, how 
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much compared to chemical controls? Incubations of various combinations of soil extracted 
cells and water extractable chemical compoenents (e.g. carbon, pH) from contrasting high 
N2O/N2O+N2 and low N2O/N2O+N2 ratio soils suggested microbial community origin did 
indeed impact N2O/N2O+N2 ratio but impacts were smaller than that of extractable chemical 
components. In the absence of pH effects, predictable impacts of cell origin imply some 
generalizations can be made about what is a low N2O emitting community; low N2O/N2O+N2 
soil cells or chemistry typically lowered incubation N2O/N2O+N2 and high N2O/N2O+N2 soil 
cells or chemistry vice versa. Serendipitously, these cell based incubations also provided 
evidence that low carbon availability can induce increased N2O emissions. 
Together, these investigations build evidence for a combined role of soil chemistry and 
microbial community composition as determinants of soil N2O emissions, support the 
increasing focus on microbial community composition in denitrification research and imply 
both soil chemistry and microbial community composition must be considered in prediction 
and management of soil N2O emissions in the future. 
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Chapter 1 
General Introduction 
1.1 Nitrous oxide, a greenhouse gas 
Nitrous oxide (N2O) is a potent greenhouse gas and ozone depleter (Ravishankara et al., 
2009) representing the third most significant global greenhouse gas, below CO2 and methane, 
and a threat to the global climate (Intergovernmental Panel on Climate Change, 2013; UNEP, 
2013). Atmospheric concentrations of N2O have risen dramatically over the past century 
(Figure 1.1) to a current concentration of greater than 331 ppb (Feb, 2019)(2o Institute, 2016). 
Although this is significantly lower than absolute atmospheric concentrations of other major 
offending greenhouse gases, atmospheric N2O still accounts for 6% of global radiative 
forcing (heat trapping) due to a heat trapping potential 298 times that of CO2 over 100 years 
on a mass per mass basis (Myhre et al., 2013). N2O is a long-lived gas with a predicted 
lifespan of 116 years in the atmosphere (Prather et al., 2015). On a scale of hundreds of years, 
this means emissions must decrease to 0 or be offset by net negative CO2 emission to prevent 
additional climate warming beyond a proposed 1.5 ºC (Rogelj et al., 2018). Our ability to 
mitigate anthropogenic N2O emissions depends on our understanding of where emissions 
occur, the chemical and biological processes producing them and environmental conditions 
controlling those processes. This chapter summarizes our knowledge in these areas with a 
specific focus on our current understanding of conditions controlling N2O production and 
reduction from soil denitrification. The latter is added to by the body of work in chapters 2 
to 4 with the hope that it will contribute to the ultimate reduction of N2O emissions in the 
future. 
1.2 Where is N2O produced? 
N2O is produced naturally in terrestrial and marine environments, and anthropogenically 
through a variety of routes including agriculture and fossil fuel burning (Figure 1.2). 
Attribution of emissions to different sources is difficult resulting in high levels of uncertainty, 
but bottom up and top down based methods agree that global natural N2O emissions are 10-
12 Tg N2O-N year-1 while anthropogenic emissions account for 5.3 Tg N2O-N year-1 
(Davidson and Kanter, 2014). Natural sources and sinks are thought to be in balance 
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(Davidson and Kanter, 2014; UNEP, 2013), accounting for the relatively stable atmospheric 
N2O concentrations before industrialization as indicated by ice cores (Machida et al., 1995; 
MacFarling Meure et al., 2006). This implicates increasing anthropogenic emissions as the 
cause of the close to 20% percent rise in N2O since the mid 19th century (UNEP, 2013). The 
majority of this anthropogenic production is estimated to occur in agricultural settings 
(Figure 1.2) linked to increases in crop and stock numbers, as well as use of N (Nitrogen) 
fertilizers used to support the increasing global population (UNEP, 2013; Tilman et al., 2011). 
Unfortunately, high soil nitrogen loads are not necessarily directed into useful biomass and 
excess N from fertilizers or animal excreta may be transformed into N2O (Davidson, 2009; 
Syakila and Kroeze, 2011; Oenema et al., 2005).  
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Figure 1.1. Atmospheric N2O (and CO2) concentrations at different timescales based on ice 
core and in situ measurements. Note dramatic accumulation rate increase within the last 
century. Left panel: N2O blue, CO2 red. Right panel: dotted blue and red lines show 
atmospheric N2O above northern and southern hemisphere respectively. Solid blue indicates 
average atmospheric N2O concentration.  Sourced from UNEP (2013). 
 
Figure 1.2. Source partitioning of global N2O emissions. Total emissions, left. 
Anthropogenic emissions, right. Sourced from UNEP (2013). 
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1.3 N2O-genic processes 
Decreasing anthropogenic N2O emissions requires an understanding of the specific 
biochemical processes leading to its production. In an agricultural context, soil mineral N 
can be converted to N2O through a number of both abiotic and biological pathways (Figure 
1.3) (Baggs, 2011). These include chemo-denitrification, hydroxylamine (NH2OH) 
decomposition, nitrosation reactions and dissimilatory nitrate reduction to ammonium 
(DNRA) but nitrification (ammonia oxidation) and denitrification are traditionally 
considered the most significant sources (Bremner, 1997; Bakken et al., 2012; Butterbach-
Bahl et al., 2013; Thomson et al., 2012). The following section summarizes these N2O 
producing pathways for context but the underlying focus of this thesis is the process of 
denitrification.  
1.3.1 Nitrification 
Nitrification is the microbial oxidation of ammonia (NH3) to nitrate (NO3-) for energy 
generation. The process is carried out in two distinct phases traditionally thought of as being 
independently catalyzed by distinct groups of microbes under aerobic conditions. NH3 
oxidizing bacteria (AOB) or archaea (AOA) first carry out the oxidation of NH3 to nitrite 
(NO2-) (Heil et al., 2016). NO2- is subsequently scavenged by nitrite oxidizing bacteria 
(NOB) and oxidized via a NO2- oxidoreductase enzyme to NO3-. The microbial groups 
carrying out these processes are autotrophic and very slow growers due to the low energy 
yield of the process. Relative to other N cycling processes such as denitrification, nitrification 
is phylogenetically restricted but identification of further nitrifying groups, notably ammonia 
oxidizing archaea, has indicated that this restriction is far broader than previously perceived 
(Prosser, 2007). The identification of Comammox bacteria, able to carry out both NH3 and 
NO2- oxidation also indicates that the process is more functionally diverse than originally 
perceived (Van Kessel et al., 2015).  
N2O production from nitrification is potentially attributable to a number of different 
mechanisms including nitrifier denitrification, abiotic NH2OH decomposition and, as a 
byproduct of ammonia oxidation. Nitrifier denitrification and abiotic decomposition are 
covered under denitrification and abiotic production (section 1.3.2 and 1.3.5) while ammonia 
oxidation is covered below.  
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Figure 1.3. Soil microbial guilds catalyzing N2O producing biotic N transformations. 
Ammonia oxidizing archaea (AOA). Ammonia oxidizing bacteria (AOB). Nitrite oxidizing 
bacteria (NOB). Dissimilatory nitrate reducers (DNRA). Anaerobic ammonia oxidizers 
(Anammox). Sourced from Hu et al. (2015). 
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Ammonia oxidation in AOB is understood to proceed via 2 or potentially 3 enzymatic 
transformations (Lancaster et al., 2018). The process begins with the O2 dependent 
hydroxylation of NH3 to NH2OH via a monoxygenase enzyme. NH2OH is then further 
oxidized via hydroxylamine oxidoreductase, either directly to the final NO2- product or to 
nitric oxide (NO) which has recently been suggested as an obligate intermediate (Caranto 
and Lancaster, 2017). NO oxidation to NO2- would then proceed via a third as of yet 
unconfirmed enzyme, potentially NirK (acting in reverse direction) or nitrosocyanin (Caranto 
and Lancaster, 2017; Lancaster et al., 2018).  
Under the two enzyme model, NO and N2O are historically hypothesized to be a product of 
incomplete NH2OH oxidation where HNO or NO are released from the enzyme prematurely 
(Lancaster et al., 2018). HNO dimerization and decomposition could explain the further 
formation of N2O (Fehling and Friedrichs, 2011). Under the 3 enzyme model, N2O 
production is hypothesized to result from additional enzymatic pathways targeting NO or 
NH2OH intermediates. NorB NO reductase has been show to account for around 20% of N2O 
emissions in Nitrosomonas europaea during oxic ammonia oxidation (Kozlowski et al., 
2014). Cytochrome p460, also expressed in Nitrosomonas europaea, produces N2O through 
the oxidation of NH2OH (Caranto et al., 2016). The physiological function is unknown but 
it is hypothesized to prevent toxic NH2OH over-accumulation. Cytochrome c554 which is 
typically thought to act as an electron acceptor for hydroxylamine oxidoreductase is also 
capable of NO reduction to N2O (Upadhyay et al., 2006). 
Regardless of the exact mechanism, N2O production during aerobic nitrification in AOB 
accounts for around only 1% of total NH3 consumed in pure culture and  emissions are even 
lower from AOA, at around 0.004–0.23% (Hink et al., 2017). These small emission 
percentages increase under increasing O2 limitation which is typically attributed to nitrifier 
denitrification (1.3.2). However, N2O production derived from NH2OH may also 
hypothetically increase during oxic to anoxic transitions as suggested by modeling based 
approaches applied to bioreactors (Perez-Garcia et al., 2014; Law et al., 2012).  
1.3.2 Denitrification 
Denitrification is the sequential reduction of NO3-àNO2-àNOàN2OàN2 carried out by 
phylogenetically diverse microbes (Jones et al., 2008; Graf et al., 2014; Zumft, 1997) for 
respiratory energy generation (Zumft, 1997; Simon and Klotz, 2013). Each step is catalyzed 
by a metal centre containing respiratory reductase enzyme (Nar or Nap, nitrate reductase, Nir, 
nitrite reductase, Nor, nitric oxide reductase, Nos, nitrous oxide reductase) which facilitates 
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transfer of electrons from an electron carrier to the terminal nitrogenous electron acceptor 
(Zumft, 1997; Simon and Klotz, 2013).  
The genes encoding the separate denitrification reductases and the N transformation 
catalyzed are labeled in Figure 1.4, among other nitrogen transforming processes. narG and 
H encode the two subunits of the membrane bound nitrate reductase, NarGH, while napA 
and B encode the periplasmic nitrate reductase, NapAB (Simon and Klotz, 2013; Zumft, 
1997). nirS encodes a cytochrome cd1 nitrite reductase and nirK an alternative Cu centre 
reductase (Simon and Klotz, 2013; Zumft, 1997). norB and C encode the two subunit 
cytochrome dependent cNor NO reductase and norZ encodes an alternative quinol dependent 
NO reductase (Simon and Klotz, 2013; Zumft, 1997). nosZI and nosZII encode two separate 
clades of N2O reductase (Hallin et al., 2018). 
The process is facultative, usually occurring when O2 is unavailable as a terminal electron 
acceptor (Zumft, 1997), although microaerophilic and oxic denitrifiers do exist (Ji et al., 
2015). In the nitrogen cycle this acts to return fixed nitrogen to the atmosphere as the gaseous 
products NO, N2O or N2 (Canfield et al., 2010). All are technically obligate intermediates of 
the process but NO emissions are typically low, probably due to coupled regulation of NO2- 
and NO reductase preventing toxic over accumulation (Zumft, 1997). Therefore, N2O and N2 
are the typical end products with the emission ratio of the two gases dependent on soil 
conditions controlling the activity of N2O production and further reduction to N2 (Richardson 
et al., 2009; Bakken et al., 2012).  
Heterotrophic prokaryotes are the stereotypical denitrifiers but the process is 
phylogenetically diverse (Jones et al., 2008; Graf et al., 2014; Zumft, 1997), also occurring 
in fungi (Maeda et al., 2015) and archaea (Cabello, 2004). Fungal denitrification has been 
increasingly recognized as a potentially important source of N2O (Maeda et al., 2015; 
Laughlin and Stevens, 2002), especially considering fungi do not encode an N2O reductase 
to completely reduce produced N2O. Further, fungi are also thought to be important in the 
process of co-denitrification which has in some cases been shown to account for the majority 
of soil N2O and N2 emissions (Laughlin and Stevens, 2002; Rex et al., 2018).  
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Figure 1.4. Microbial N transformations and functional genes (red) for enzymes encoding 
each transformation. Sourced from Smith et al. (2015). 
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Co-denitrification is a form of denitrification in which N products are derived from two 
separate N sources resulting in a “hybrid” N2O or N2 product which can be distinguished 
experimentally through the use of isotopic N tracers (Spott et al., 2011). It is similar to abiotic 
N-nitrosation reactions involving nucleophilic attack of NO2- or NO by a non-mineral N 
compound (often amines), however the reaction is facilitated by NO2- or NO binding to an N 
reductase (Spott et al., 2011). The final gaseous products, N2O or N2, are determined by the 
species of nucleophile performing attack (Spott et al., 2011). 
Denitrification is also now recognized to occur in nitrifying bacteria. Nitrifier denitrification 
is often classified as a separate process and while the genes and enzymes involved are similar 
there are a number major distinctions from traditional denitrification (Wrage-Mönnig et al., 
2018).  
1) The process is distinct from nitrification coupled denitrification, involving 
conversion of NH3 all the way to N2O within a single organism, whereas the prior 
involves release of NO2-/ NO3- and further reduction by a separate denitrifier 
(Wrage et al., 2001). 
2) The process is active under increasingly O2 limited conditions but ceases under 
complete anoxia (Hink et al., 2017) 
3) The underlying function may be electron homeostasis rather than energy generation 
(Hink et al., 2017)  
4) NosZ N2O reductase has not been identified in AOB or AOA, therefore the obligate 
end product is N2O (Wrage-Mönnig et al., 2018). 
1.3.3 DNRA 
Dissimilatory nitrate reduction to ammonia (DNRA) converts soil NO3- to NO2- as in some 
denitrifiers but involves a further fermentative step converting NO2- to ammonia (Utting et 
al., 2011). Thus, DNRA competes for denitrification N supply under anaerobic conditions 
and high C/N ratios (Putz et al., 2018), returning it to the biologically available ammonium 
pool instead of releasing it to the atmosphere. N2O production has now also been 
demonstrated in DNRA isolates (Stremińska et al., 2012) but is considered minor compared 
to N2O production from denitrification in soils (Utting et al., 2011). 
1.3.4 Anammox 
Anaerobic ammonium oxidation (Anammox) involves the conversion of NH4+ and NO2- into 
hybrid N2 (van de Graaf et al., 1996). The reaction is carried out by some organisms of the 
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phylum planctomycetes and is notable for its unique organelle, the anammoxosome, and 
production of hydrazine (rocket fuel) as a reaction intermediate (Niftrik et al., 2004). The 
process is not N2O genic but it is important, primarily for its direct release of N to the 
atmosphere without the possibility of N2O production and secondarily for its potential 
confounding of attribution of N2 production in soils. It is usually considered to be an aquatic 
process but anammox bacteria are found in soils and N-isotope based tracer experiments 
suggest the process can account for a significant proportion of N loss in some soils (Nie et 
al., 2019). However, such methods are currently unable to distinguish between hybrid N2 
produced by anammox, co-denitrification (Nie et al., 2019) or abiotic reactions (Phillips et 
al., 2016) meaning the relevance of anammox could be overestimated. 
1.3.5 Abiotic production 
Various abiotic reactions convert N-oxyanions/oxides, typically NO2- or NO, to N2O or N2. 
Reduction of NO2- to NO and NO to N2O by metal ions e.g. Fe (II) and Fe (III) is usually 
termed chemodenitrification and may occur in soils at circumneutral pH (Zhu-Barker et al., 
2015). Similarly, decomposition of nitrification intermediate NH2OH to N2O may occur 
through redox reactions with Fe (III) or Mn (IV) (Zhu-Barker et al., 2015). Both N2O and N2 
are also formed via nitrosation reactions, wherein a NO2- or NO derived electrophilic 
substrate (e.g. NO+) reacts with a nucleophilic substrate (e.g. amines) to form a hybrid N 
product (Spott et al., 2011). This becomes more relevant under low pH conditions where 
NO2- degradation to NO+ occurs more readily (Spott et al., 2011; Lim et al., 2018). 
1.4 Options to reduce agricultural N2O emissions 
Two general areas can be targeted to reduce N2O emissions from the above N2O genic 





Figure 1.5. Basic depiction of N flow in and out of a terrestrial system. Strategies to prevent N2O emissions can be targeted at the inflow stage, 
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1) Reducing initial N inputs 
Reduced N input means reduced eventual N output, potentially as N2O. However, we are 
limited in our ability to reduce N inputs because A) global agriculture and food supply is 
dependent on N inputs, whether that is supplied from fertilizer or natural N fixation and B) 
N use efficiency by crops and livestock is limited. Little can be done to fundamentally 
resolve point A. N is a necessary component of food that must be supplied as fertilizer or 
naturally fixed to maintain global agriculture and food demand (Smill, 2002). Global food 
demand will increase in the future and, under business as usual scenarios, N fertilizer inputs 
are expected to concurrently increase to support that demand (Tilman et al., 2011; UNEP, 
2013). Though the fundamental necessity of N supply can’t be resolved, there is great 
opportunity for reduction in total food production which could be achieved through 
minimization of food wastage, which is very high at around a 30% (Parfitt et al., 2010), and 
reductions in meat consumption (Reay et al., 2012), which are unnecessarily high (in terms 
of dietary protein) in the developed world (Reay et al., 2011). 
Interventions targeting issue B aim to increase the movement of supplied N into crop and 
livestock biomass while reducing the loss of supplied N to microbial processes and leaching. 
This in turn allows minimization of N supplied to the system. There is much room for 
improvement; globally only ~50% of N supplied to cropland (fertilizer, fixed, manure) is 
collected as useful protein (Lassaletta et al., 2014). Further inefficiency is introduced by 
livestock which convert only 5 to 45% of feed to animal protein (Oenema and Tamminga, 
2005). Thus there are two major unused N pools of concern, excess fertilizer and animal 
excreta which are the greatest contributors to global N2O emissions at (1.06 Tg N2O-N yr-1 
direct on site emissions from fertilizer and 1.25 Tg N2O-N yr-1 on site direct emissions from 
grazing animals, including manure)(UNEP, 2013). In the future, increased N use efficiency 
may be promoted by implementation of fertilizer best use practices (Chen et al., 2011; 
Cassman et al., 2003), development of high nitrogen use efficiency crops (Han et al., 2015) 
and livestock (Oenema and Tamminga, 2005), improvements in animal manure management 
(Oenema and Tamminga, 2005), nitrification inhibitors which prevent soil N loss to other 
environments in mobile forms such as NO3- while enhancing the local availability of N in 
the form of ammonium (Di et al., 2007), cultivation of symbiotic N fixing crops (legumes) 
which only contribute significantly to N2O production as crop residues (Zhong et al., 2011; 
Rochette and Janzen, 2005; Sant’Anna et al., 2018), development of N-fixing transgenic 
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crop plants (Vicente and Dean, 2017). Biomass N reaching humans will still eventually be 
released into the environment or wastewater treatment systems where it may be converted 
to N2O. Therefore, limiting N input to the minimum possible is the ultimate goal of 
interventions in this area. 
2) Ensuring movement of N back to the atmosphere as N2 (not N2O) 
Movement of fixed N back into the atmosphere is inevitable whether N was efficiently 
utilized in crop and livestock biomass or is in the form of excess fertilizer and animal excreta 
(Fowler et al., 2013). Soils are increasingly storing N but it is expected that an equilibrium 
of microbially mediated loss will eventually be reached (Canfield et al., 2010). N moves 
back to the atmosphere primarily as N2 and a small but environmentally relevant portion as 
N2O (Canfield et al., 2010). Much of this is attributed to the anaerobic process of 
denitrification (Bouwman et al., 2013; Thomson et al., 2012) and inherent in this process is 
the enzymatic potential for further reduction of N2O to N2 before emission. Indeed N2O 
reducers can act as N2O sinks, perhaps from other N2O producing processes or the 
atmospheric N2O pool in addition to that produced during denitrification (Chapuis-lardy et 
al., 2007; Domeignoz-Horta et al., 2016; Schlesinger, 2013). In this respect, N2O emission 
can be considered the net balance of N2O producing and N2O reducing processes. Instead of 
decreasing N2O production an alternative solution to reduce emissions may be to encourage 
an equal amount of N2O reduction to N2 as N moves out of the terrestrial system (Thomson 
et al., 2012; Bakken et al., 2012; Richardson et al., 2009). This is largely dependent on the 
activity of the N2O reductase enzyme which is the only known biological sink of N2O 
(Thomson et al., 2012; Bakken et al., 2012; Richardson et al., 2009). Unfortunately, N2O 
reductase activity is particularly sensitive to various environmental conditions e.g. pH (Liu 
et al., 2014; Bergaust et al., 2010), O2 (Morley et al., 2008), temperature (Holtan-Hartwig et 
al., 2002), and from a denitrifier’s “perspective” may not be considered an essential step for 
energy generation (Richardson et al., 2009). Thus, the focus of much denitrification research 
is understanding the conditions promoting high N2O reductase activity relative to N2O 
production activity and the ultimate goal of such research is development of management 
strategies to encourage high N2O reduction rates in the agricultural fields where most 
anthropogenic N2O are occurring (Thomson et al., 2012; Bakken et al., 2012; Richardson et 
al., 2009; Bakken and Frostegård, 2017).  
This thesis focuses on progressing option 2 by developing a further understanding of the 
factors controlling N2O production and reduction during soil denitrification.  
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1.5 Controls on N2O emission by denitrification 
Three broad scale areas must be considered to understand the control of denitrification in 
soils: i) soil factors controlling the composition of and structure of the denitrifying 
community in the long term (distal control), ii) the genetic potential of the community itself, 
and iii) the immediate controls whose signal is often transduced by the denitrifying 
community (proximal control) (Figure 1.6) (Wallenstein et al., 2006; Groffman et al., 1988). 
The following sections cover the most important and relevant proximal and distal factors 
(mostly proximal factors) impacting N2O emission and later the specific relevance of 
community composition. 
Two terms are commonly used to describe N2O emission or emission potential: i) N2O 
quantity, emitted or accumulated, and ii) the N2O/N2O+N2 ratio. N2O emitted or 
accumulated is self-explanatory and implicitly the most relevant variable when the ultimate 
goal is reduction of N2O release to the atmosphere. N2O/N2O+N2 ratio is relevant in its 
increased descriptiveness of how a given control may actually work (i.e. by impacting the 
relative rate of N2O production and reduction) and in its relationship to total N2O produced. 
If the amount of N returning from the terrestrial system to the atmosphere remains constant, 
N2O/N2O+N2 becomes the most important descriptor. 
1.5.1 O2 
O2 concentrations act as the primary gate to the denitrification process. Denitrifiers are 
typically facultative anaerobes, meaning, they carry out N oxyanion/oxide based respiration 
when O2 availability is low (Zumft, 1997). N based respiration is suppressed under high O2, 
most likely because O2 respiration has a greater energy yield (Strohm et al., 2007). O2 
sensing and transitions to anoxic respiration are controlled by regulatory molecules, typically 
altering transcriptional activity of denitrification genes by DNA binding activity (Gaimster 
et al., 2018).  
Denitrification gene regulation is complex and not simply under the control of a single 
conserved O2 or N-oxyanion/oxide sensor. Each denitrification step is somewhat 
independent and therefore, may respond to unique regulatory molecules and sensors (Zumft, 
1997). Regulatory diversity also exists between denitrifiers upon transition to anoxia, 
resulting in major differences to denitrification gas kinetic (1.6.1). Nevertheless many 
homologous regulatory proteins of the FNR/CRP super family play functionally similar roles 
between different denitrifiers (Gaimster et al., 2018). For example, FnrP, NNR and other
 
   
 
Figure 1.6. Proximal and distal framework explaining the interaction between soil factors, microbial communities and denitrification outcomes. Distal 
factors determine denitrifier community composition in the long term. Microbial communities often transduce the signal/impacts from proximal 
controls to determine a denitrification outcome. This figure is a re-creation from Wallenstein et al. (2006). 
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homologs act as O2 sensors in a wide range of microbes. In Paracoccus denitrificans O2 
inhibits the DNA binding activity of these molecules, in the case of FnrP by disassembling 
the DNA binding dimer into inactive monomers (Crack et al., 2016). High O2 concentrations 
also limit denitrification rates by limiting N-oxyanion uptake into cells (Hernandez and Rowe, 
1987). 
O2 concentration exerts major control on N2O emissions by determining the activity of the 
pathway through transcriptional regulation, however, important impacts are also observed 
when environments return from anoxia to oxic conditions or by sustained denitrification 
under partially oxic conditions. N2O reductases appear to be particularly sensitive to O2 
concentration relative to the other N-reductases, therefore, under rising O2 increased 
N2O/N2O+N2 ratios should be expected (Morley et al., 2008; Gillam et al., 2008). Further, 
upon return to anoxia after extended oxic periods, N2O reductase function is less persistent 
than the other N-reductases resulting in increased N2O/N2O+N2 ratios in the absence of de 
novo synthesis (Dendooven and Anderson, 1995). 
1.5.2 Impact of N oxyanions and oxides: nitrate, nitrite and nitric 
oxide 
N oxyanions/oxides (NO3-, NO2-, NO, N2O) are the substrates of the denitrification process, 
therefore, their availability clearly impacts the amount of gaseous end products produced. 
Increased N inputs equal increased N outputs given appropriate anoxic conditions. However, 
in addition to the simple supply standpoint, N-oxyanion/oxide concentration can influence 
denitrification product ratios through intended regulatory mechanisms or unintended 
inhibitory effects.  
The specific details of N-oxyanion/oxide based transcriptional control are not covered in 
detail here, as they were not a focus of this thesis. However, some key points are relevant. 
Again, regulatory controls vary for each N-reductase (Zumft, 1997), as do regulatory 
strategies for separate denitrifiers species (see 1.6.1). FNR/CRP super family proteins have 
important roles as N sensors (Gaimster et al., 2018). For example both FnrP and NNR from 
Paracoccus denitrificans are under dual control by NO in addition to O2, impacting 
transcription of nar/nos and nir/nor operons respectively (Gaimster et al., 2018). NarR, also 





High NO3- concentrations impair N2O reduction resulting in increased N2O/N2O+N2 
emission ratios (Blackmer and Bremner, 1978; Weier et al., 1993; Gaskell et al., 1981; 
Firestone et al., 1979; Senbayram et al., 2012). Inhibitory concentrations vary by soil and 
pH, with greater inhibition at lower pH (Blackmer and Bremner, 1978; Gaskell et al., 1981; 
Firestone et al., 1979). Reported inhibitory strengths also vary somewhat between studies. 
For example, Blackmer and Bremner (1978) reported stronger inhibition than Firestone et al. 
(1979) when comparing similar pH soils at similar NO3- concentrations: 76% in a 6.6 pH soil 
at 0.53 mM vs. 18% inhibition in a pH 6.4 at 0.43 mM. The reason for pH dependent effects 
are unresolved but could be related to the production of NO2- which has a plausible pH related 
inhibitory effect through the formation of nitrous acid (1.5.2.2). Otherwise, NO3- based 
inhibition is generally hypothesized to result because NO3- is a preferred electron acceptor to 
N2O (Giles et al., 2012). This is reasonable as nitrate reductases may directly confer extra 
proton motive force (pmf) for energy generation whereas N2O reductase is located in the 
periplasm, does not directly pump protons and simply accepts electrons produced from prior 
pmf generating reactions (Simon and Klotz, 2013). More specifically, this may occur as a 
result of competition for electron carriers between nitrate and nitrous oxide reductase, though 
a much greater competitive effect from NO2- is suggested (Dendooven et al., 1994; Pan et 
al., 2013a). 
1.5.2.2 Nitrite 
The presence of NO2- can impair the reduction of N2O to N2 resulting in increased N2O 
emissions in soils (Firestone et al., 1979; Gaskell et al., 1981) and other systems (Zhou et al., 
2008; Wang et al., 2018; Yang et al., 2016; Pan et al., 2013a). However, the effect is not 
always observed. Betlach and Tiedje (1981) did not observe any impact of NO3- or NO2- on 
N2O reduction rates in cultures of Pseudomonas fluorescens or Pseudomonas alcaligenes. 
The discrepancy may be explained by increased carbon availability, increased amount of N2O 
reductases relative to the other enzymes or use of a different experimental system 
(monoculture vs. soil). Where inhibition is observed, the reported inhibitory strength per 
molecule in soils is strong but variable depending on the soil or study. Firestone et al. (1979) 
reported close to 100% inhibition of N2O reduction at 8 µg NO2--N per g field moist soil 
(equivalent to 0.26 mM in the slurry solution) in their most sensitive soil while Gaskell et al. 
(1981) reported ~100% inhibition at 18 µg NO2--N per g dry soil (0.65 mM in solution).  
Based on a smaller inhibitory effect from NO3- Firestone et al. (1979) suggested that NO3- 
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inhibition might be due to accumulation of NO2-, though this was disputed by Gaskell et al. 
(1981).  
Soil based work on inhibitory NO2- effects is sparse with most relevant articles published in 
the late 70-80’s, however, work continued in wastewater treatment has expanded on two 
mechanisms of action. 
1) nitrous acid (HNO2) inhibition: under increasingly acidic conditions NO2- becomes 
protonated into its acidic form, HNO2, which is proposed to be directly inhibitory 
through an interaction with N2O reductase. 
2) Electron competition between nitrite reductase and N2O reductase 
NO2- inhibition per molecule is higher at increasingly lower pHs suggesting a potential role 
for HNO2 as the true inhibitory molecule (Firestone et al., 1979; Gaskell et al., 1981). Indeed, 
Zhou et al. (2008) found a much greater correlation between HNO2 concentration and N2O 
reductase inhibition than either pH or NO2- concentration alone while simultaneously 
providing counter evidence against electron competition (N2O reduction was unaffected by 
NO2- reduction rate). Correlations between nitrous acid concentration are supported in further 
studies (Wang et al., 2018; Yang et al., 2016).  
In contrast to nitrous acid inhibition, electron competition should potentially be considered a 
beneficial (to the organism) regulatory mechanism ensuring efficient energy utilization 
during denitrification. During electron competition, each N-reductase competes for a finite 
pool of electron carriers which are replenished by carbon oxidation up to a given maximum 
rate. N2O reductase is proposed to have lower electron carrier affinity than the preceding 
reductases resulting in reduced N2O reduction activity in the presence of low carbon, NO3- 
and particularly NO2-. Indeed, models reflecting these differing affinities are able to 
adequately account for observed denitrification gas accumulation patterns (Dendooven et al., 
1994; Pan et al., 2013b) while the strong interplay between the N2O and NO2- reductases is 
hypothesized to be the result of a shared proximal electron carrier, Cyt C550 (Pan et al., 2013a). 
Electron competition may proceed even when carbon is abundant as electron carrier demand 
of N-reductases can outstrip the carbon oxidation and electron carrier turnover (Pan et al., 
2013a).  
1.5.2.3 Nitric oxide 
NO is cytotoxic due to interactions with a multitude of life sustaining enzymes and proteins, 
especially those containing Fe or Cu (Radi, 1996; Zumft, 1997). One such Cu containing 
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enzyme is N2O reductase which enters an alternative inactive spectroscopic state via a 
covalent interaction with NO (Frunzke and Zumft, 1986). Inhibitory concentrations vary 
between denitrifiers (Frunzke and Zumft, 1986) and between soils (Gaskell et al., 1981) but 
concentrations are higher than what would typically be observed due to natural accumulation. 
NO accumulation is controlled by the tight regulatory coupling of nitrite and NO reductase 
(Zumft, 1997) but if dysregulation occurs NO accumulation could hypothetically lead to high 
N2O/N2O+N2 ratios. 
1.5.3 Carbon 
Respiratory denitrification is usually coupled to carbon oxidation which replenishes the 
reducing equivalents used to drive denitrification reductase reactions. Thus, differences in 
soil carbon supply or type can impact the denitrification process. Low carbon availability, 
which is common for soils, results in reduced denitrification rates (Weier et al., 1993; 
Senbayram et al., 2012; Burford and Bremner, 1975). This is not necessarily a negative from 
an N2O emission perspective as it may result in reduced soil N2O output and increased 
opportunity for N to be consumed by alternative processes. Conversely, high carbon 
concentrations are not necessarily positive from an N2O emission perspective and may 
dramatically enhance the emission of N2O under conditions already promoting high 
N2O/N2O+N2 ratios (Senbayram et al., 2012).  
Carbon supply may also impact N2O/N2O+N2 ratios. The direction of effect is variable with 
increased carbon potentially leading to both increases (Dendooven et al., 1996) and decreases 
(Weier et al., 1993; Senbayram et al., 2012) in N2O/N2O+N2 emission ratios. Negative 
correlations between carbon supply and N2O/N2O+N2 ratios may be explained by impacts to 
electron competition. As mentioned in 1.5.2.2, N2O reductase competes poorly with other N-
reductases for a finite pool of electron carriers. Where carbon supply and thus electron supply 
is high, competition is minimized, N2O reduction increased, and chance of emission is 
reduced (Pan et al., 2013a; Schalk-Otte et al., 2000). Alternatively, added C may decrease 
N2O/N2O+N2 ratios by stimulating aerobic respiration and lowering local O2 concentrations 
which can otherwise impair N2O reduction to a greater extent than the prior denitrification 
steps (Morley and Baggs, 2010; Gillam et al., 2008). Carbon type also influences 
denitrification rates and N2O/N2O+N2 ratios most likely based on differing levels of 
recalcitrance and energy density (Senbayram et al., 2012; Gillam et al., 2008). Where carbon 





pH should be considered a master regulator of denitrification, impacting microbial 
community composition, denitrifier abundance, N2O/N2O+N2 ratios and denitrification rates. 
1.5.4.1 pH effect on N2O/N2O+N2 ratio 
The ratio of N2O to N2 production from denitrification is increased at low pH (Simek and 
Cooper, 2002). This has been demonstrated time and time again in multiple studies at the 
pure culture (Bergaust et al., 2010), complex culture (Liu et al., 2014), lab based soil 
incubation (Liu et al., 2010) and in situ soil level (Čuhel et al., 2010). In soils, the effect is 
observable after long term pH management of single field sites (Čuhel and Šimek, 2011), 
after short term pH manipulations of single field site soils (Čuhel and Šimek, 2011) and even 
between groups of globally distinct soils (Samad et al., 2016a). Therefore, the effect most 
likely acts proximally (i.e. on a short-term timescale) and is probably quite strong relative to 
other soil effectors.  
One probable explanation, first demonstrated in pure cultures of Paracoccus denitrificans, is 
that higher acidity prevents the formation of functional N2O reductase enzymes post-
transcriptionally (Bergaust et al., 2010). Improper formation rather than directly impaired 
function is implicated as purified N2O reductase produced at higher pHs maintains some 
function at lower pHs. Therefore, the hypothesized mechanism is that low external pH 
reduces pH in the periplasmic space which, in turn, impairs periplasmic insertion of Cu into 
the active site of immature N2O reductase (Liu et al., 2014; Bergaust et al., 2010).  
A post-transcriptional mechanism is also implied in soils. First by nosZ transcript 
accumulation in soils at low pH, concomitant with low N2O reduction activity (Liu et al., 
2010) and later corroborated by similar results using soil extracted microbial communities 
(Liu et al., 2014). The soil extracted cell approach allowed a further assessment of the 
functionality of N2O reductase expressed at pH 7 in intact cells which remained functional 
over a wide range of pHs (5.7 to 7.6). 
pH may also have indirect effects on N2O ratios through interactions with NO3- or NO2- 
covered previously in 1.5.2.1 and 1.5.2.2. 
1.5.4.2 pH effect on denitrification potential/rate 
Enhanced denitrification rate can result in a higher N2O emission during a shorter time period 
depending on N2O/N2O+N2 ratio. Denitrification rates are generally decreased in lower pH 
ranges while they are enhanced at closer to neutral or slightly alkaline pH (Simek and Cooper, 
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2002). In contrast to N2O/N2O+N2 ratio effects, rate effects are hypothesized to primarily 
result from a longer term acting (distal) mechanism as evidenced by relatively minor impact 
rate differences have not been particularly successful (Čuhel et al., 2010).  
Though a more minor effect in Čuhel and Šimek (2011), short term pH changes may also 
impact the denitrification rate. The system of measurement utilized is probably relevant as 
evidenced by contrasting pH optima of denitrification rate between DEA (Denitrification 
enzyme assay, short term, +C, +NO3-) and DP (Denitrification potential, longer scale) in one 
study: In the short-term (DEA) the pH optima of denitrification was at the native soil pH (4.7 
to 7.9), however, in the long term (DP) the optima was moved closer and closer to neutral 
pH (Šimek et al., 2002). 
1.5.4.3 pH and denitrifier interactions 
pH control is an important determinant of microbial community composition in soils as 
evidenced by the common observation of concurrent changes in soil pH and major trends is 
microbial composition  (Lauber et al., 2009; Samad et al., 2016b; Kaminsky et al., 2017). 
Associations between denitrification gene abundances and soil pH also suggest pH impacts 
the denitrifying community and the genetic potential for denitrification to occur (Samad et 
al., 2016b; Domeignoz-Horta et al., 2015; Jones et al., 2014). Further, it has been 
demonstrated that different microbial communities will display varying N2O accumulation 
responses to the same pH conditions (Dörsch et al., 2012; Liu et al., 2014). Curiously in Liu 
et al. (2014) it was demonstrated that the lower pH soil communities were more sensitive to 
the negative impacts of low pH on N2O reduction. This seems unintuitive, as it would be 
expected that if denitrifiers adapted to reduce N2O under low pH conditions exist, they would 
be found in low pH soils. Indeed, since that publication, a Rhodanobacter species which only 
carried out N2O reduction at low pH has been isolated from a low pH soil (Lycus et al., 2017). 
Denitrifying communities can, in turn, impact the soil pH due to H+ consumption during 
denitrification e.g. (Brenzinger et al., 2015). 
1.5.5 Physical controls 
Physical factors modulate the effects of all the previously mentioned controls. Carbon 
distribution through soils is heterogeneous resulting in local areas (µm to mm diameter) of 
lesser or greater denitrification activity termed microsites (Parkin, 1987; Kuzyakov and 
Blagodatskaya, 2015). pH microsites are also predicted to occur, with pH above and below 
that of the bulk soil and resulting in differences in N2O emission ratios (Liu et al., 2014). 
Rainfall, irrigation and physical soil properties, impact soil water content which in turn 
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determine O2 concentrations and denitrification activity (De Klein and Van Logtestijn, 1996; 
Gu and Riley, 2010). Diffusion of gases in water is much slower than air (Heincke and 
Kaupenjohann, 1999) meaning O2 entry into soils and N2O exit is retarded with high water 
content. At low water filled pore space (WFPS)/high O2 denitrification rates are low 
(Klemedtsson et al., 1988; Weier et al., 1993; Gillam et al., 2008). As WFPS increases/O2 
decreases, unbalanced denitrification (Morley et al., 2008) or nitrifier denitrification (Hink 
et al., 2017) occurs leading to N2O emission and when WFPS is high/O2 low, rates increase 
and complete denitrification can occur (Jha et al., 2012). Depth of N2O emission is also 
important. If N2O is emitted deep within soil there is more opportunity for further 
transformation on its path out (Clough et al., 1998). 
1.6 Microbial community composition and N2O emission 
Chemical controls have historically been the focus of most denitrification research but there 
is an increasing understanding that denitrifier community composition can impact N2O 
emissions. This section focuses on our current knowledge of community composition effects 
and the methods we use to link differences in microbial community composition to changes 
in N2O emission outcomes. 
1.6.1 N2O emissions from monoculture denitrifiers 
Environmental variations in N2O emission begin at the level of the single denitrifier species, 
varying in their genetic capacity to carry out each of the denitrification steps and their 
regulatory control of the process. Denitrification reductase genes are modular (Graf et al., 
2014) facilitated by the ability of each reduction step to function as an independent 
respiratory process (Zumft, 1997). The result is that some denitrifiers emit N2O as an obligate 
product (e.g. Agrobacterium tumefaciens (Philippot et al., 2011)), some have equal potential 
for consumption and production (e.g. Paracoccus denitrificans) while others only have the 
ability to act as N2O sinks (e.g. Dyadobacter fermentans (Domeignoz-Horta et al., 2016)). 
The later are termed non-denitrifying nitrous oxide reducers (NDNRs) and only carry the 
N2O reductase gene. They are “non-denitrifying” because denitrification in the strict sense 
must involve NO2- reduction (Zumft, 1997). Even within phylogenetically very similar 
organisms (genus level) there may be differences in denitrification genotype, commonly nosZ 
truncations (Lycus et al., 2017).  
Further complexity exists at a regulatory level (i.e. N2O emission and the accumulation of 
other denitrification intermediates cannot necessarily be predicted based on denitrification 
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reductase genotype) (Lycus et al., 2017). Organisms with the same genotype may carry out 
distinct patterns of denitrification product accumulation including N2O under the same 
conditions (Lycus et al., 2017; Falk et al., 2010; Roco et al., 2017). Most of our 
understanding of denitrification regulatory control is based on only a few organisms such as 
Pseudomonas stutzeri, Pseudomonas aeruginosa and Paracoccucs denitrificans (Zumft, 
1997). One approach to this issue has been the isolation and classification of the 
denitrification regulatory phenotypes (DRP) of a wider array of denitrifiers according to a 
standardized set of parameters (Bergaust et al., 2011; Liu et al., 2013; Lycus et al., 2017). 
Such studies continue to identify new regulatory strategies among denitrifiers. For instance, 
some denitrifiers display rapid complete transcription of all denitrification genes in response 
to anoxia while others display a progressive onset leading to accumulation of denitrification 
intermediates (Liu et al., 2013). Similar patterns are indeed observed in soils where delayed 
production of N2O reductase can lead to N2O accumulation (Firestone and Tiedje, 1979; 
Dendooven and Anderson, 1994).  
Recent investigations have uncovered a particularly interesting bet-hedging strategy in 
Paracoccus denitrificans which should lead to low N2O accumulation (Hassan et al., 2014, 
2016; Lycus et al., 2018). On exposure to anoxia all cells express N2O reductase, however, 
Nir and Nar show a stochastic expression wherein only a portion of the community express 
Nar and an even smaller proportion express Nir. If the anoxic spell is short then excess 
resources are not wasted on full commitment to denitrification and individual cells avoid 
entrapment in the anoxic state using energy generated from Nos. If the anoxic spell is longer 
then more cells will eventually transcribe the necessary denitrification genes or become 
stimulated by positive feedbacks. The benefit of this strategy from a N2O emission 
perspective is the high relative N2O sink capacity of the community due to the high 
expression of Nos. The mechanism is hypothesized to be widely active in other denitrifiers 
based on the occurrence of a diauxie in electron flow, the feature which led to the initial 
prediction of this strategy in Paracoccus denitrificans. 
1.6.2 Community scale effects  
Given the variable denitrification phenotypes of individual denitrifiers, differences in the 
relative abundance of these denitrifiers in a denitrifying community (community 
composition) is hypothesized to influence soil N2O emission potential, however, community 
scale effects must also be considered. 
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Common to microbial ecology is the idea that biodiversity can enhance the efficiency and 
resilience of ecosystem functions by providing complementarity and redundancy (Tilman et 
al., 2014; Hooper et al., 2005). These effects may be particularly relevant to denitrification 
given its modularity (Graf et al., 2014) and wide phylogenetic dispersal (Jones et al., 2008; 
Zumft, 1997). In some simplified examples, the co-culture of two incomplete denitrifiers 
could reduce accumulation of the intermediate denitrification products (NO and N2O) 
through cross-feeding (Roco et al., 2017). Similarly the co-culture of isogenic mutant strains 
of Pseudomonas stutzeri capable of only NO3- reduction or NO2- reduction prevented NO2- 
accumulation by eliminating intra-organism enzyme competition (Lilja and Johnson, 2016). 
The importance of redundancy remains unclear and may vary between different soils: 
Reductions in microbial community diversity achieved via serial dilution of soil communities 
and re-inoculation into sterilized soils had no detectable impact on denitrification enzyme 
activity in one study (Wertz et al., 2006) yet significantly reduced denitrification activity in 
another (Philippot et al., 2013). Unfortunately, no assessment of impact on N2O/N2O+N2 was 
given. Overall these features bring in to question the importance of microbial community 
scale effects to denitrification activity and N2O emission potential (Butterbach-Bahl et al., 
2013; Wallenstein et al., 2006). If diversity is sufficient, it might be expected that community 
differences between soils are irrelevant. However correlations between N2O emission and 
community composition (expanded below) including changes in microbial diversity in a 
number of studies (Samad et al., 2016b; Domeignoz-Horta et al., 2015, 2018; Jones et al., 
2014) refute this hypothesis. 
1.6.3 Correlating distal controls, community composition and N2O 
emission  
Microbial community composition is commonly linked to environmental variables such as 
pH (Lauber et al., 2009), land use (Kaminsky et al., 2017), temperature (Oliverio et al., 2017), 
and moisture (Brockett et al., 2012). Denitrifier community structure is likely to be 
influenced by many of the same variables and is not necessarily contingent on their 
denitrification niche as these are typically facultative anaerobes. Indeed Wallenstein et al. 
(2006) suggest the major distal controls of denitrifier community composition are pH, carbon 
availability, temperature and  moisture/O2. Denitrifier community composition is accessed at 
denitrification gene abundance level through qPCR of denitrification genes or at a 
phylogenetic level through analysis of denitrification gene sequences or fingerprints (e.g. T-
RFLP). Both measures commonly relate changes in community composition to a vast array 
of environmental variables (e.g. organic carbon (Morales et al., 2010), pH (Samad et al., 
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2016b; Domeignoz-Horta et al., 2015; Jones et al., 2014), latitude (Morales et al., 2014), soil 
texture (Deslippe et al., 2014; Jones et al., 2014), moisture (Regan et al., 2011; Jha et al., 
2017), Fe content (Zhang et al., 2019), phosphorus (Jha et al., 2017), not just those 
highlighted by Wallenstein et al. (2006)), suggesting that factors controlling denitrification 
genetic potential are complex. Importantly, separate groups of denitrifiers differ in their 
response to environmental variables e.g. (Jones and Hallin, 2010; Jones et al., 2014; 
Domeignoz-Horta et al., 2018), potentially suggesting alternate life strategies. In summary, 
environmental conditions drive differences in denitrifier community composition. 
Do community differences result in altered N2O emission potential? Molecular tools can be 
used to link the overall and denitrifier community composition to N2O emission outcomes. 
Changes in soil microbial community structure in soil as measured by 16S rRNA gene 
sequencing have been linked to N2O/N2O+N2 ratios (Samad et al., 2016b; Morales et al., 
2014), though, it is unclear whether this reflects a relevance of microbial community 
composition to N2O emission potential or simply a shared driver. Overall changes in 16S 
microbial community can be indicative of differences in the denitrifying community 
specifically as evidenced by correlations between changes in 16S community composition 
and denitrification gene abundances (Samad et al., 2016b; Highton et al., 2016). 
Denitrification gene based analyses are more specific, nevertheless, 16S community 
composition can be a predictor of soil N2O/N2O+N2 ratio (Morales et al., 2014) and such 
studies are useful for their ability to generate testable hypotheses. For instance, that pH 
controls microbial community composition which in turn impacts N2O/N2O+N2 ratios in 
soils (Samad et al., 2016b).  
A more targeted approach is the comparison of quantified denitrification genes to N2O 
emissions. The basic logic is that a high abundance of genes leading to the production of N2O 
(nar, nap, nir, sometimes nor) relative to genes reducing N2O to N2 (nosZ) will result in 
increased N2O emission or N2O/N2O+N2 ratios. Again such differences are facilitated by the 
modularity of denitrification genes (not all denitrifiers are complete denitrifiers) and we 
know that artificial adjustment of gene ratios in soils can alter N2O emissions. For instance 
addition of nosZ lacking denitrifiers to soil resulted in increased N2O emissions (Philippot et 
al., 2011; Jones et al., 2014). In the field, correlations between gene abundance ratios and 
N2O emissions are inconsistent. narG/nosZ ratios were correlated to N2O/N2O+N2 ratios in 
a pasture field under different grazing regimes (Philippot et al., 2009). nirS-nosZI was 
correlated was positively correlated with total N2O emissions in a study comparing 
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agricultural and successional sites (Morales et al., 2010). (nirS+nirK)/nosZI ratios were 
positively correlated with N2O accumulation during manure composting (Li et al., 2017) and 
in 12 boreal lakes (Saarenheimo et al., 2015). However, lack of correlation or negative 
correlations that do not fit this hypothesis may also be found (Braker et al., 2012; Čuhel et 
al., 2010).  
nosZ truncations are more common in nirK denitrifiers compared with nirS denitrifiers, 
therefore, high nirK abundance and/or low nirS abundance could also hypothetically be an 
indicator of increased N2O emission potential (Graf et al., 2014). Is there evidence for this? 
nirS/nirK was positively correlated with N2O sink capacity in agricultural soils amended with 
N2O producing microbes (Jones et al., 2014), among other correlations (more under nosZII 
below). A study of New Zealand and Irish pasture soils found negative correlations between 
nirS abundance and N2O emission ratios (Samad et al., 2016b), as did a study of a pasture in 
the Czech Republic (Čuhel et al., 2010). Again contrasting patterns may be found elsewhere 
where nirS abundances are positively correlated with N2O emissions in agricultural soils (Li 
et al., 2017; Morales et al., 2010). 
1.6.4 nosZII 
Of recent interest has been the relevance of an alternative nitrous oxide reductase gene, 
nosZII, which was not targeted by available nosZI qPCR primers (Sanford et al., 2012; Jones 
et al., 2013) and has been linked to increased soil N2O consumption capacity (Jones et al., 
2014). nosZI and II differ in their phylogenetic distribution, translocation signal peptides (Sec 
vs. TAT), co-occuring nos accessory genes (Sanford et al., 2012; Jones et al., 2013), 
environmental distribution (Jones et al., 2013), whole cell kinetics (Yoon et al., 2016) and 
importantly co-occurrence with other denitrification genes (Graf et al., 2014). 30% of nosZII 
containing organisms from a total pool of 652 genomes appear to be non-denitrifying nitrous 
oxide reducers (NDNRs), that is, contain no other N-reductases in their genome, compared 
with 10% of nosZI carriers (Graf et al., 2014). NDNRs have the genetic potential to act as 
N2O sinks without contributing to N2O production, therefore, their activity in denitrifying 
environments is highly desirable and likely to result in reduced N2O emission. This has been 
demonstrated to be possible by the addition of nosZII containing NDNRs to soils which 
resulted in reduced N2O emission, presumably due to scavenging of N2O from producers 
(Domeignoz-Horta et al., 2016). A contrasting experiment where N2O producing microbes 
without nosZ were added to soil indicated links between the ability of native soil 
communities to act as a sink for the increased N2O production and increased nosZII 
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abundance relative to nosZI  (Jones et al., 2014), although, it should be noted that this paper 
suffered some criticism due to potential bias associated with the effect of soil pH status on 
exogenously added N2O producers (Bakken et al., 2015). Elsewhere, nosZII abundances and 
diversity have been correlated to lower N2O emissions or N2O/N2 ratios which may be 
attributed to the sink capacity of nosZII containing organisms (Samad et al., 2016b; 
Domeignoz-Horta et al., 2015, 2018)  
1.6.5 Determining causality in microbial community composition 
effects on denitrification 
Studies linking 16S community composition, gene abundances or gene diversity and N2O 
emissions are typically only correlative and confounding by environmental variables, 
commonly pH (Samad et al., 2016b; Čuhel et al., 2010; Philippot et al., 2009), that are also 
known to impact both microbial community composition and N2O emission outcomes are a 
major concern. Determining the actual influence of microbial community differences on N2O 
emission must be achieved using alternate methodology and has been a major challenge for 
denitrification research due to the difficulty of isolating microbial community effects as an 
independent factor. 
In earlier investigations, it was assumed that by controlling for known regulators of 
denitrification between soils (Cavigelli and Robertson, 2000) or providing standardized 
preincubation treatments with non-limiting carbon concentrations (Holtan-Hartwig et al., 
2002, 2000), intrinsic differences in the activity of soil microbial community between soils 
could be discovered. These studies claimed, for instance, that intrinsic differences in 
communities between soils explained differences in N2O emission responses to changes in 
temperature (Holtan-Hartwig et al., 2002), pH, O2 (Cavigelli and Robertson, 2000) and 
baseline differences in N2O emission potential (Holtan-Hartwig et al., 2000). With the benefit 
of hindsight, lack of pH control by (Holtan-Hartwig et al., 2000) seems somewhat naïve but 
otherwise, attempts to control soil variables probably increased the relevance of microbial 
community differences as an explanatory variable. However, it is not beyond reasonable 
doubt that other factors that were not controlled, particularly physical factors, may have 
influenced the observed outcomes.  
Study design is important. Comparisons within a more geographically confined site might 
better control soil physical and chemical differences between samples (as long as 
homogenization and pooling is used to account for soil heterogeneity). For example, Čuhel 
and Šimek (2011) provide convincing evidence that pH distally controls denitrification 
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activity by influencing the size or composition of the denitrifier community while proximal 
pH control determines N2O/N2O+N2 ratios. They achieved this by focusing on a single 12x18 
m pasture divided into plots with separate pH treatments per plot. Though again, causal 
community based effects are still not explicitly proven. 
Whole microbial community extraction from soil is an alternative approach allowing true 
independent testing of microbial community effects on N2O emission. Blending physically 
disperses soil and cells which are then separated out on the basis of centrifugation rates (low 
speed centrifugation) or buoyant density (Nycodenz density gradient centrifugation)(Bakken 
and Lindahl, 1995; Lindahl and Bakken, 1995). While probably biased in the portion of the 
soil microbial community extracted (Nadeem et al., 2013; Holmsgaard et al., 2011), the 
approach is invaluable in its ability to isolate microbial communities as independent testable 
units. To date, extracted cell based experiments have demonstrated alternative denitrification 
gas kinetics of different soil microbial communities in response to differing pH (Liu et al., 
2014; Dörsch et al., 2012), changes in the transcriptionally active part of soil communities in 
response to altered pH (Brenzinger et al., 2015), contrasting N2O emission potential from 
loosely and strongly soil attached microbial cells (Nadeem et al., 2013) and high sensitivity 




1.7 Scope of this thesis 
The broad aim of this thesis was to increase understanding of the determinants of soil N2O 
emission during denitrification. More specifically, this work followed on from two previous 
studies (Samad et al., 2016b, 2016a) linking variation in New Zealand pasture soil (and Irish 
soil) N2O emission potential from NH4NO3 amended anoxic soil incubations, soil pH, 
microbial community composition as measured by 16S rRNA gene sequencing, and 
denitrification gene abundance as measured by qPCR. In chapter 2, I aimed to confirm 
these linkages between soil pH, community composition and N2O/N2O+N2 in a greater 
number of soils (20) re-collected from farm sites in the 50 pastures project (Wakelin et al., 
2013). Analyses were similarly based on NH4NO3 amended anoxic soil incubations with 
automated denitrification gas sampling, 16S rRNA gene sequencing and qPCR of nosZI and 
II genes.  
The investigations in chapter 2 revealed a previously overlooked phenomenon from Samad 
et al. (2016a): variability in the timing of N2O reduction which largely determined the 
propensity of a soil to emit N2O. In chapter 3, I aimed to understand the cause of this 
phenomenon, focusing on the potential role of NO2- accumulation in impairment of N2O 
reductase activity which is relatively under investigated in soils. 
Samad et al. (2016b) and chapter 2 also highlighted a major weakness in denitrifying 
literature: the inability of such investigations to demonstrate causality between microbial 
community composition and N2O/N2O+N2 emission ratios. Both studies linked microbial 
community composition and N2O/N2O+N2 but these correlations could also be explained by 
the action of a shared driver of both N2O/N2O+N2 and microbial community composition 
(pH in Samad et al. (2016b) or long term rainfall in chapter 2). Further, even if microbial 
community composition does impact N2O emission potential, it is unclear how relevant these 
changes are compared to proximally acting chemical controls. 
In chapter 4, I aimed to causally link differences in microbial community composition 
to differences in N2O emission potential and identify their relevance compared with 
chemical controls utilizing soil extracted cell based incubations in soil extracted carbon 
media. This experimental system was termed the cell based assay (CBA). Separation of cells 
and chemistry from the soil matrix allowed them to be treated as independent variables and 
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Soil denitrification produces the potent greenhouse nitrous oxide (N2O) and harmless inert 
gas N2 by further reduction of N2O. N2O emission is determined by rate and timing of the 
N2O producing and reducing steps which are sensitive to a series of proximal and distal 
regulators such as pH, nitrate concentration, carbon availability, microbial community 
composition. Here, we made a further assessment of previously observed linkages between 
N2O emission potential (N2O/N2O+N2), pH, community composition (16S rRNA gene 
sequencing) and nosZII gene abundance/ratios (qPCR) in a new set of 20 New Zealand 
pasture soils. Denitrification gas (NO, N2O, N2) production and consumption kinetics in 
anoxic soil incubations were accessed by automated gas chromatograph revealing a 
continuum of gas accumulation phenotypes which carried out N2O production and reduction 
steps more concurrently or sequentially and thus determined N2O emission potential 
(N2O/N2O+N2). Soil phenotypes/N2O emission potential were correlated to variation in 16S 
community composition and a potential distal driver in long-term rainfall but were not linked 
to pH or nosZII abundance/ratios. Further, more concurrent/low N2O/N2O+N2 soils were 






Production and emission of nitrous oxide (N2O) represents a significant climate concern due 
to its high global warming potential (298 times that of CO2 over a 100 year time span on a 
mass to mass basis) (Myhre et al., 2013) and ozone depleting activity (Ravishankara et al., 
2009). The most recent IPCC report ranks N2O as the third most significant greenhouse gas, 
accounting for 6.2% of global climate forcing (Intergovernmental Panel on Climate Change, 
2013). Atmospheric concentrations of N2O have risen dramatically over the past century to 
a current concentration of greater than 331 ppb (Feb, 2019)(2o Institute, 2016), much of 
which is attributed to anthropogenic soil emissions (Davidson, 2009). Global N2O budgets 
suggest that around 45% of the emitted N2O is produced anthropogenically with the majority 
(60%) coming from agricultural sources (Syakila and Kroeze, 2011). In an agricultural 
setting, N2O production is traditionally attributed to denitrification and nitrification (Bremner, 
1997) of N in animal excreta or applied fertilizers (Davidson, 2009; Syakila and Kroeze, 
2011; Oenema et al., 2005) but a number of other biological processes are also relevant 
(Baggs, 2011). 
Denitrification occurs under anoxic conditions when microbial populations switch from O2 
based respiration to sequential reduction of nitrogenous molecules (NO3-à NO2- à NO à 
N2O à N2). In each step, reduction of the nitrogenous molecule as a terminal electron 
acceptor is catalyzed by an independent reductase enzyme (nitrate reductase-Nar or Nap, 
nitrite reductase-Nir, nitric oxide reductase-Nor, and nitrous oxide reductase-Nos) (Zumft, 
1997). The last step in the process, N2O reduction, is an important focus in denitrification 
and greenhouse gas research (Jones et al., 2014; Liu et al., 2014; Richardson et al., 2009) as 
it determines whether the final gaseous product of denitrification is the greenhouse gas N2O 
or the harmless inert gas N2. In fact, N2O reductase is the only known biological sink of N2O 
(Thomson et al., 2012), therefore, encouraging complete denitrification at the time of N2O 
production represents an important strategy to preventing further rise in atmospheric 
concentrations (Richardson et al., 2009). In reality, N2O vs. N2 production is not binary (only 
N2O or N2 produced) and N2O to N2 product ratios depend on a great number of factors 
including pH (Simek and Cooper, 2002), carbon and  nitrate (NO3-) availability (Senbayram 
et al., 2012), as well as nitrite (NO2-) (Firestone et al., 1979; Gaskell et al., 1981). 
Conceptually, factors affecting N2O emission ratios can be separated into i) proximal factors, 
those which act on short term time scales to impact instantaneous denitrification rates (e.g. 
carbon and NO3- concentrations), ii) microbial community genetic potential for each 
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denitrification step, and iii) distal factors, determining that genetic potential in the long term 
(Wallenstein et al., 2006; Groffman et al., 1988). There has been some debate over the 
relative importance of these factors and disentangling their effects can be difficult when 
factors such as pH have both immediate effects on enzymatic activity during denitrification 
and distal effects on denitrification potential (Samad et al., 2016b).  
The effect of pH on soil N2O emissions is well documented (Simek and Cooper, 2002). Soil 
pH results in higher soil N2O/N2O+N2 ratios, most clearly demonstrated in pH manipulations 
of soils from the same site (Čuhel et al., 2010; Liu et al., 2010; Simek and Cooper, 2002) but 
also manifests in differences in N2O product ratios between sites  (Samad et al., 2016b), 
though the latter seems like a less implicit finding. Bergaust et al. (2010) showed evidence 
for a post-transcriptional effect on the formation of functional N2O reductase at low pH in 
pure culture experiments, possibly due to impeded assembly of this periplasmic enzyme at 
low pH. A similar post transcriptional phenomenon was supported using microbial consortia 
extracted from soils with different native pH (Liu et al., 2014). Contrastingly, some studies 
have demonstrated that pH effects on N2O reduction are dependent on the concentration of 
NO3- or NO2-  (Blackmer and Bremner, 1978; Firestone et al., 1979; Gaskell et al., 1981). 
Blackmer and Bremner (1978) showed that pH had negligible effects on N2O reduction 
activity of soils in the absence of supplied NO3- while other studies observe and increased 
inhibitory impact of NO3- or NO2- under decreasing pH (Firestone et al., 1979; Gaskell et al., 
1981). To confuse matters further, pH probably also has long term distal effects on 
denitrification potential due to its well-known impact on microbial community structuring 
(Lauber et al., 2008; Kaminsky et al., 2017) and probably more specifically the abundance 
and ratios of denitrification genes e.g. (Samad et al., 2016b; Domeignoz-Horta et al., 2015; 
Jones et al., 2014).  
The functional and taxonomic composition of denitrifier communities has become an 
important focus of denitrification research due to advances in molecular tools. Denitrifying 
microbes may carry all or only some of the full denitrification gene repertoire and therefore 
changes in the phylogenetic composition of denitrifier communities can affect the ratio of 
genes coding for N2O reductase to those coding for N2O producing enzymes, thus 
determining the genetic potential for N2O emission (Graf et al., 2014; Roco et al., 2017). 
Graf et al. (2014) showed that the organisms carrying the nosZII gene encoding nitrous oxide 
reductase clade II commonly had a truncated denitrification pathway without the genes 
encoding the preceding denitrification steps. Implicit in that finding is the suggestion they 
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may reduce N2O/N2O+N2 ratios by acting as N2O sinks. Jones et al. (2014) showed evidence 
for N2O sink capacity related to low nosZI/nosZII ratios, though controversial because the 
results could also be explained as a direct (proximal) effect of soil pH (Bakken et al., 2015). 
N2O/N2O+N2 product ratios have been linked to differences in overall microbial community 
structure as measured by 16S rRNA gene sequencing, suggesting that this could be used as a 
predictor of N2O emission potential (Morales et al., 2014; Samad et al., 2016b). However, it 
remains unclear whether these correlations indicate a true causal relationship. For example 
Samad et al. (2016b) linked 16S community composition to soil N2O/N2O+N2 product ratios 
but both these were measures were also correlated to soil pH. Therefore, the results are 
possibly explained by the well documented but separate effects of pH on N2O/N2O+N2 
(Simek and Cooper, 2002) and on microbial community composition (Lauber et al., 2009; 
Kaminsky et al., 2017).  
N2O accumulation during denitrification may also be caused by differential flow of electrons 
to the separate N-reductases (Pan et al., 2013a). In wastewater treatment, low carbon 
(reductant) availability enhances electron competition between N2O and upstream N-
reductases which can result in transient N2O accumulation (Pan et al., 2013a; Ribera-Guardia 
et al., 2014). Indeed carbon and substrate availability can affect N2O/N2O+N2 product ratios 
in many contexts including soils, though the direction of the effect is not always consistent 
(Gillam et al., 2008; Senbayram et al., 2012; Weier et al., 1993). 
Here, we aimed to re-access the consistency of previously outlined (Samad et al., 2016b, 
2016a) linkages between N2O/N2O+N2, pH and microbial community composition (as 
measured by 16S rRNA gene sequencing and qPCR of nosZ genes) in a larger cohort (20 
soils) of new pasture soils. N2O/N2O+N2 ratios and denitrification gas kinetics in general 
were accessed by gas chromatography of ammonium-nitrate (NH4NO3) amended anoxic soil 
incubations revealing contrasting denitrification phenotypes based on the timing of N2O 
reduction which determined the propensity for soil N2O emission. We made a further 
assessment of these phenotypes and N2O/N2O+N2 ratios in relation to potential proximal (pH, 
NO3- concentration, NO accumulation, carbon availability) and distal/microbial community 





2.2 Materials and methods  
2.2.1 Soil collection 
Soils were sampled at 20 sites representing sheep, dairy, beef and goat farms across multiple 
regions of New Zealand’s South Island. Sampling begun on the 2nd of September 2016 and 
continued through until the 8th of September. At each site, four soil cores (10 cm depth, 2.5 
cm diameter) were taken at 2.5 m intervals along a 7.5 m transect (0 m, 2.5 m, 5 m, 7.5 m) 
using a stainless steel auger. If topsoil was less than 10cm deep, additional cores were taken 
to make up the volume. Triplicate cores were collected for each distance at each site and 
composited in a bag while a fourth core from each distance was kept separate to measure 
within transect variation and for molecular analyses. Soil cores were stored in partially open 
ziplock bags (to prevent anoxia) on ice until sampling was completed. Cores were 
homogenized, and worms, insects, grass and large roots were removed. Single core samples 
for molecular analysis were immediately frozen at 80 ºC until DNA extraction and pooled 
soils were stored field moist at 4 ºC. See Table S2.1 for soil for basic soil descriptors 
including locations and supporting physicochemical data from a previous study (Wakelin et 
al., 2013). 
Pooled site cores were transported to the Norwegian University of Life Sciences (NMBU, 
Ås, Akershus, Norway) where they were, sieved (2 mm) and stored at 4 ºC before initiating 
the kinetic experiments.  
2.2.2 pH measurement  
For each soil, a 10 ml subsample was placed in a plastic container using a volumetric spoon 
and 20 ml of 10 mM CaCl2 was added. Containers were capped and shaken until the soil was 
dispersed in the solution. Soils were left overnight at room temperature. Soils were re-
dispersed by shaking and left to settle for 10 min before the pH was measured in the 
supernatant using a H170 pH meter (Hach, Loveland, CO, USA).  
2.2.3 Nitrate + nitrite measurements 
Endogenous nitrate+nitrite (NO3-+NO2-) was measured in sieved pooled soils using 0.2g of 
each soil with 1 ml of 2M KCl extractant in 1.5 ml microfuge tubes. Slurries were shaken 
and spun down at 16000G for 2 minutes before recovering the supernatant into fresh 1.5 ml 
microfuge tubes. Standard NO3- solutions were prepared as a 10-fold dilution series of KNO3- 
from 100 to 0.01 mM. NO3-+NO2- concentration was quantified by chemical reduction to 
nitric oxide (NO) followed by chemiluminescent detection as detailed by Braman and 
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Hendrix (1989). In brief, 10 µL of supernatant was introduced into a sealed glass piping 
system containing a heated (95 ºC) acid vanadium chloride solution (50 mM VCl3 in 1 M 
HCl). VCl3 reacts to reduce NO3- quantitatively to NO2-  before converting it to NO gas. The 
NO gas was captured and carried in an N2 stream to a Sievers Nitric Oxide Analyzer 280i 
system (GE Analytical Instruments, Boulder, CO, USA) for quantification. Standard KNO3 
solutions were used to calibrate the area under detection signal curves allowing calculation 
of NO2-+NO3- concentration in soil supernatants. 
2.2.4 Nitrate adjustment 
Soil moisture was determined gravimetrically by drying 10 g soil at 60 ºC for 12 h. Prior to 
incubation, soils were supplemented with NO3- and ammonium by flooding and draining with 
a 2 mM NH4NO3 solution. NO3- supplied N for denitrification while ammonium acted as a 
preferential assimilatory N source. For this, an 80 g dry weight equivalent of soil was placed 
in a 500 ml Sterafil Filter Holder (Merck, Burlington, MA, USA) and flooded with 300 ml 
of 2 mM NH4NO3. After 15min the solution was drained through a 0.2 µM cellulose filter 
(Merck) with 1.2 µM glass-fibre pre filter (Merck) using a vacuum manifold. Soils were 
mixed and a subsample was taken for overnight moisture content analysis (5 g, as above). 
The remainder of the soils was stored overnight in funnels covered with aluminum foil before 
use in incubation experiments the next day. 
2.2.5 Gas kinetics measurements 
Respiration and denitrification activity of soils was measured by gas chromatography of 
headspace gases (O2, CO2, NO, N2O, N2) in oxic and anoxic batch incubations. The 
temperature control, robotic autosampler, gas chromatograph (Agilent GC -7890A equipped 
with ECD, TCD, FID) and chemiluminescence NOx analyzer (Model 200A, Advanced 
Pollution Instrumentation, San Diego, USA) used here are described in detail by Molstad et 
al. (2007) and Qu et al. (2014). The device holds up to 44 sealed 120 ml serum vials in a 
temperature controlled water bath. A robotic arm equipped with a hypodermic needle and a 
peristaltic pump takes headspace gas samples periodically and pumps them through dedicated 
sample loops in the GC. The GC uses helium as carrier gas while subsequent back pumping 
replaces sampled gas with helium thus maintaining the pressure in the serum bottles at ~1 
atm. Dilution and leakage are back calculated following experiment completion to allow 
estimation of true gas production. Here, 20 g dry weight equivalent of NH4NO3 adjusted soil 
was placed in triplicate 120 ml serum vials and crimp sealed with butyl rubber septa. A 15 g 
subsample of each soil was frozen at the start of each incubation for subsequent measurement 
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of NO2-+NO3- concentrations as described above. The serum vials were placed in the water 
bath (20 ºC) under the autosampler and allowed to equilibrate before releasing overpressure 
through a water filled syringe without piston. Additional vials (duplicates) were filled with 
premixed standard gases (including 400 ppm CO2, 10,000 ppm CO2, 500 ppb N2O, 151 ppm 
N2O, 25 ppm NO) supplied by AGA industrial gases (Oslo, Akershus, Norway), compressed 
air (781,000 ppm N2, 200900 ppm O2) or helium. The autosampler was programmed to take 
headspace samples every ~5 hrs. After 7 rounds of sampling, at ~40 hrs, anoxia was induced 
by helium flushing the vials (3 cycles of evacuation for 180 sec and He-filling for 20 sec) 
and incubation was continued until most soils had converted all denitrification products to 
N2. Two separate experiments were required 10 days apart to process all 20 soils. 
2.2.6 N2O emission potential/kinetics 
A number of metrics were applied to compare N2O emission potential and accumulation 
kinetics across separate soil anoxic incubations: N2O/N2O+N2 (N2O ratio), N2O 
hypothetically emitted and N2O index (N2OI). N2O ratio is calculated as µmol cumulative 
N2O-N (per vial) over max µmol cumulative N2O-N plus µmol cumulative N2-N at a given 
time point. Note, the cumulative term refers to measures that are adjusted for sampling 
dilution, initial vial concentrations at time zero and leaks where appropriate. Time points 
used were the max value for N2O within the first 50 hrs of incubation (N2O/N2O+N2 (50 hrs)) 
as in Samad et al. (2016a) or simply at max N2O levels (N2O/N2O+N2 (max N2O)). N2O 
hypothetically emitted (%) was calculated as max µmol N2O-N accumulated in vial 
expressed as a percentage of final cumulative N2-N. N2OI used previously in Liu et al. (2010), 
Qu et al. (2014) and Samad et al. (2016a), is the area under a N2O curve over the area under 
an N2O curve + N2 curve calculated using the following formula: 
 
It is useful because it allows a time-integrated view of N2O vs. N2 stoichiometry. Areas are 
calculated for each time period between two sampling points (~5 hrs) and summed up to an 
arbitrary time point (T). Here, we used 50 hrs (N2OI (50 hrs)) and once all denitrification gas 
was accumulated as N2 (N2OI (N2 plateau)).  




1) They are event based i.e. calculated at peak N2O, allowing comparison of soils with 
divergent denitrification timescales/rates.  
2) They are relative measures i.e. expressed, in the case of N2O/N2O+N2 (max N2O) 
relative to total N2O+N2 at peak N2O, and in the case of N2O hypothetically emitted 
(%), total N finally accumulated. This allows comparison of soils with contrasting 
initial NO3- supply and net denitrification rates.  
3) They describe N2O emission potential, as N2O re-consumed from headspace after 
peak N2O is more likely to be emitted in an in situ unsealed environment, unlike the 
vials used here. 
4) They directly describe the sequentiality of N2O production/reduction i.e. to what 
degree N2O production and reduction to N2 were carried out at the same time and to 
the same magnitude, thus mitigating N2O accumulation. This was highly relevant to 
the soil kinetics observed here (see results). 
2.2.7 Carbon amendment experiment 
An independent experiment was set up as described above with some modifications to test 
the influence of carbon availability on gas kinetics. 5 soils were selected based on covering 
a range of N2O hypothetically emitted % (40-Fairlie Geraldine, 20-Waitaha, 1-Woodend, 33-
Rae’s Junction, 5-Waipapa). In these incubations, an initial period of oxic storage and 
incubation was eliminated and the concentration of NH4NO3 in flooding solutions was 
increased (4 mM) to account for extra NO3- accumulated during the oxic period in the original 
incubations. Incubations were monitored under two treatments conditions: 4 mM NH4NO3, 
± 10 mM sodium glutamate as a carbon source. Glutamate can be utilised by most bacteria 
and in addition may provide a preferential organic N source preventing NO3- assimilation. 
Sodium glutamate solutions were pH adjusted to the soils’ native pH using HCl.  
2.2.8 Rainfall 
Average daily rainfall at the sample sites (mm day-1 average across many days) was estimated 
at various timescales (month, year, 10 years) using rainfall data from New Zealand’s national 
climate database. Data were accessed through the CliFlo web system (NIWA, 2017). 
Collected data spanned from 08/09/96 to 07/09/2016. We also included rainfall estimates 
from a previous study (Wakelin et al., 2013) on the same soils (rainfall historical) which used 
average daily rainfall measurements for 5 years prior to sampling. Values were calculated 
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through interpolations (Cichota et al., 2008; Tait et al., 2005) using the Virtual Climate 
Station from NIWA (Wellington, Wellington, New Zealand). 
2.2.9 DNA extraction 
Distance-specific site cores (0 m, 2.5 m, 5 m, 7.5 m) were defrosted for DNA extraction. To 
test if pooling and sieving was necessary for future sampling, 15 g of each site subsample 
was pooled into a separate sample (mixed-m) and a further subset of that sample was sieved 
through a 2 mm sieve (mixed and sieved-ms). ~0.25 g of each distance specific sample per 
site and the two additional m and ms samples per site (6 samples per site times 20 sites = 120 
extractions) were extracted using a Powersoil DNA Isolation kit (Mobio, Carlsbad, CA, 
USA) according to the standard instructions. Bead beating was carried out at 1500rpm in two 
15sec steps with intermittent cooling using a 1600 MiniG cell-lyser (SPEXSamplePrep, 
Metuchen, NJ, USA). DNA extracts were quantified and quality checked using a Qubit 
fluorometer (Invitrogen, Carlsbad, CA, USA) with Qubit dsDNA HS assay (Invitrogen) and 
NanoDrop One (Thermo Scientific, Waltham, Massachusetts, USA). pH-CaCl2 and pH-H2O 
of ms soils was measured as described earlier (section 2.2.2, pH measurement) but using a 
MP22O pH meter with Inlab 413 electrode (Mettler Toledo, Columbus, Ohio, USA). 
2.2.10 16S amplicon sequencing 
16S V4 amplicon sequencing was carried out on a single lane of an Illumina HiSeq using 
universal primers 515F  (5 ) and  ′3-NNNNNNNNGTGTGCCAGCMGCCGCGGTAA-′
806R (5′-GGACTACHVGGGTWTCTAAT-3′ ) and the Earth Microbiome Project standard 
protocol (Caporaso et al., 2012). Open reference OTU picking (97% similarity, UCLUST 
(Edgar, 2010) and taxonomy assignment (BLAST (Altschul et al., 1990) was carried out in 
QIIME 1.9.1 (Caporaso et al., 2010) using version 128 of the SILVA database (Quast et al., 
2013). Site-specific sequence pools were then subsampled 10 times to a depth of 37120 
sequences. Subsampled pools were averaged using basic R functions (R Core Team, 2016). 
NMDS ordinations (Bray Curtis dissimilarity) were carried out using Phyloseq (McMurdie 
and Holmes, 2013). Mantel tests were carried out in Vegan (Dixon, 2003) using a Pearson 
correlation method. 
2.2.11 qPCR 
Total prokaryotic abundance, and nitrous oxide reductase gene abundance for Clade I and II 
were measured by targeting the 16S rRNA gene and nosZ gene respectively, using the 
following primer pairs: 16S UNIV F&R (Hartman et al., 2009), nosZ2F & nosZ2R (Henry 
et al., 2006) , 1153_nosZ8F & 1888_nosZ29R (Jones et al., 2013). Reactions (10 µL total 
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volume) consisted of 10ng soil DNA, forward and reverse primers at a final concentration of 
0.5 µM (except for nosZ II reactions which included 1 µM), 5 µL of Luminaris HiGreen low 
Rox qPCR Master Mix (Thermo Scientific) and nuclease free water (Thermo Scientific) to 
make up the 10 µL volume. Minimum triplicate reactions per sample were performed using 
a QuantStudio 6 flex qPCR machine (Applied Biosystems, Foster City, CA, USA) according 
to the following thermal cycling conditions. 16S: 2 min UDG pre-treatment at 50 ºC, 10 min 
initial denaturation at 95 ºC, 40 cycles of 15 sec denaturation at 95 ºC, 30 sec annealing at 65 
ºC and 30 sec extension at 72 ºC. nosZI: 2 min UDG pre-treatment at 50 ºC, 10 min initial 
denaturation at 95 ºC, 40 cycles of 15 sec denaturation at 95 ºC, 30 sec annealing at 58.5 ºC 
and 30 sec extension at 72 ºC. nosZII touchdown: 2 min UDG pre-treatment at 50 ºC, 10 min 
initial denaturation at 95 ºC, 6 cycles of amplification decreasing annealing temperature by 
1 ºC per cycle consisting of 15 sec denaturation at 95 ºC, 30 sec annealing at 60-55 ºC and 
30 sec extension at 72 ºC, 44 cycles of amplification consisting of 15 sec denaturation at 95 
ºC, 30 sec annealing at 54 ºC, 30 sec extension at 72 ºC and 30 sec at 80 ºC for signal detection. 
All reaction plates included minimum triplicate no-template controls and a 10-fold dilution 
series of pGEM-t-easy (Promega, Madison, WI, USA) cloned standards for the relevant 
amplicon, encompassing the sample quantification range. Measurement of the desired 
amplicon was confirmed by a melt curve analyses (15 sec denaturation at 95 ºC, 1 min 60 ºC, 





2.3.1 Denitrification gas kinetics 
Gas chromatography of NH4NO3 amended soil incubations was carried out to identify soils 
with contrasting potential for N2O emission. Soils were initially incubated under oxic 
conditions (40 hrs) to identify general aerobic respiratory potential. Soil CO2 production was 
typically in the range of 1 to 5 µmol hr-1 (mean ± SD = 3.43 ± 2.89) with the exception of 
one soil (18-Kumara, a flipped pasture) that had a production rate of 15.21 µmol/hr.  
Denitrification gas (NO, N2O, N2) accumulation kinetics were accessed during the 
subsequent anoxic portion of the soil incubations. Soils varied greatly in the timing of N2O 
production and further reduction to N2: while some soils carried out concurrent N2O 
production/reduction from the initiation of anoxia, others carried out each step sequentially, 
accumulating most N as N2O before 1 to 1 stoichiometric conversion to N2 (Figure 2.1). 
N2O/N2O+N2 (N2O max) and N2O hypothetically emitted (%) metrics were applied to 
evaluate the sequentiality of N2O production/reduction on a continuous scale and cutoffs 
(somewhat arbitrary) were applied to place each soil in discrete phenotypic groups: 
concurrent, intermediate, sequential. Inherent in these metrics is also a description of soil 
N2O emission potential as the high N2O levels accumulated in increasingly sequential soils 
are likely to be emitted in an unsealed environment, negating the high rate N2O reduction 
which was only achieved later in these soils. Contrasting NO accumulation patterns were 
also a feature of these kinetic phenotypes: more concurrent soils accumulated far less NO 
(Spearman’s correlation, average µmol NO vs. N2O hypothetically emitted %, ρ=0.80, 
p<0.0001), and most displayed a very low pseudo steady state NO level after a small peak in 
accumulation (Figure 2.1A).  
Further analyses aimed to understand the potential causes (pH, 16S microbial community 
composition, nosZII gene abundance, rainfall, NO3-+NO2- concentration, carbon availability) 
of the contrasting soil gas kinetics phenotypes/N2O emission potential. In addition to the 
N2O/N2O+N2 (N2O max) and N2O hypothetically emitted (%) metrics, N2O emission 
potential was evaluated based on additional metrics used in previous studies: (N2OI (50 hrs), 
N2OI (N2 plateau), N2O/N2O+N2 (50 hrs)). However, these also largely described the 





Figure 2.1. Wide variation in timing of N2O reduction (N2 production) leading to variable 
N2O accumulation in soils amended with 2 mM NH4NO3, oxically preincubated and 
incubated under anoxia. N2O hypothetically emitted (%) is used to evaluate sequentiality of 
































































































































































































































































































































































































































































































































































































































































































































































































































































































A, through panel C to top panel B) and define soil phenotypes (concurrent (A), sequential 
(B) and intermediate (C)) based on discrete arbitrary cutoffs. Circles, squares, triangles 
represent three replicate vials. Concurrent N2O production/reduction, is associated with 
specific NO emission pattern: Lower NO accumulation eventually stabilising at a pseudo 
steady state. Sequential soils usually accumulate higher max NO. Note that the panels have 
different scaling of N2O (Orange), N2 (Black) and NO (Blue) and values are reported as 




2.3.2 Interaction between N2O emission potential pH and 
community composition 
Based on previously observed linkages between N2O ratios, pH and microbial community 
composition (based on 16S rRNA gene sequencing) using the same incubation methodology 
used here (Samad et al., 2016b), we hypothesized that pH and/or microbial community 
differences could be the cause of the observed denitrification phenotypes/variation in N2O 
emission potential. No measures of N2O emission potential were correlated with soil pH 
(Spearman’s correlation, measures of N2O emission vs. pH (CaCl2 or H2O), p > 0.05) yet 
phenotypes and all N2O emission potential metrics except N2OI (N2 plateau) mapped to 
differences in 16S community composition across axis 1 in NMDS plots (Table 2.1, 
Spearman’s correlation NMDS axis 1, Figure 2.2A). However, no measures of N2O emission 
potential showed significant correlations to the full dissimilarity matrix based on Mantel 
correlations (Table 2.1), unless the full distance specific reps were included in analyses 
(Figure S2.3). 
Potential drivers of differences in microbial community composition included pH (Figure 
2.2B) which was significantly correlated to overall changes in the dissimilarity matrix 
(Mantel NMDS community dissimilarity vs. pH-H2O, r = 0.3497, p < 0.01), however, this 
mapped only weakly across NMDS axis 2 (Spearman’s correlation NMDS axis 2 vs. pH-
H2O, ρ=0.4989, p < 0.05). Average daily rainfall over 10 years prior to soil sampling mapped 
to both axis 2 (Spearman’s correlation NMDS axis 2 co-ordinates vs. av daily rainfall (10 
years), ρ=0.5519, p < 0.05) and most strongly to the same axis (axis 1) as N2O emission 
potential/phenotypes (Spearman’s correlation NMDS axis 1 vs. av daily rainfall (10 years), 
ρ=0.6737, p < 0.01) and showed a significant correlation to the overall dissimilarity matrix 
(Mantel NMDS community dissimilarity vs. average daily rainfall (10 years), r = 0.44, p < 
0.001). 
nosZII gene copy numbers were also measured as a community related functional metric as 
it has been suggested nosZII carrying organisms are important for soil N2O reduction activity. 
We expressed nosZII copy number as copy numbers per ng soil DNA, per gram of soil, 
normalized to 16S copy numbers and relative to nosZI copy numbers (Figure 2.2C) and 
performed correlations to measures of soil N2O emission potential but found no significant 
correlations (p>0.05, Spearman’s correlation). nosZII copy numbers were most strongly 
correlated with soil pH CaCl2 (Spearman’s correlation, ρ=0.60, p<0.01) and interestingly, 
were ~10 fold higher in abundance than nosZI. 
 
 
Table 2.1. N2O emission potential and other variable correlations to community dissimilarity  
 
*p<0.05 greyed 
Variable compared to 
community composition 
Spearman ρ Significance (p) Spearman ρ Significance (p) Mantel r statistic Significance (p)
N2OI (50hrs) -0.641 0.0023 -0.290 0.2145 0.147 0.2080
N2OI (N2 plateau) -0.397 0.0928 -0.340 0.1539 0.237 0.0730
N2O/N2O+N2 (50hrs) -0.698 0.0006 -0.280 0.2323 0.263 0.0790
N2O/N2O+N2 (max N2O) -0.609 0.0044 -0.263 0.2623 0.188 0.1340
N2O hypothetically emitted (%) -0.510 0.0217 -0.344 0.1371 0.177 0.1390
pH H2O -0.323 0.1651 0.499 0.0251 0.350 0.0050
pH CaCl2 -0.368 0.1100 0.352 0.1281 0.324 0.0080
daily average rainfall (10 years) 0.674 0.0011 0.552 0.0116 0.444 0.0090






Figure 2.2. Microbial community analyses reveal links between 16S community 
composition and N2O emission potential/phenotypes (A), average daily rainfall over 10 years 
and pH (B). qPCR reveals greater abundance of nosZII relative to nosZI (C). NMDS 
ordination plots (A, B) compare prokaryotic dissimilarities (Bray Curtis) of a single pooled 
mixed sieved soil sample per site. Full distance specific replications are presented in Figure 
S2.3. Correlations between variables and NMDS axes or the Bray Curtis dissimilarity matrix 









































































































































































In addition to community associations we also accessed the direct relationship between 
rainfall and soil phenotypes/N2O emission potential. Average daily rainfall at the different 
sites was aggregated to various time scales (month, year, 10 years) and an alternative data set 
sourced from a previous study (historical rainfall). Correlations between all rainfall and N2O 
emission metrics can be found in Table S2.3. Here, correlations are summarized by 
comparing 10-year rainfalls against hypothetically emitted N2O (%) as this directly describes 
both soil N2O emission potential and the identified phenotypes. Denitrification phenotypes 
differed with average daily rainfall (10 years) (Figure 2.3A) and hypothetically emitted N2O 
(%) correlated negatively with daily rainfall (10 years) (Spearman’s correlation, ρ=-0.69, 
p<0.001). On average, rainfall in concurrent soils was 2.67 times higher than sequential soils. 
Linear regression of rainfall (10 years) and hypothetically emitted N2O% poorly recapitulated 
the trends observed in non-parametric and non-continuous analyses (Figure 2.3B), probably 
due to the high variability in average daily rainfall among low N2O emitting soils. 
2.3.4 Nitrate+nitrite 
Final cumulated N2 levels per vial were inconsistent between soils suggesting significant 
variation in NO3-+NO2- concentrations upon initiation of the anoxic incubation period (Figure 
2.4A). Further, comparison of measured soil NO3-+NO2- before incubation and at the start of 
the anoxic incubation estimated from cumulative denitrified N (Figure 2.4A) suggested NO3- 
or NO2- was accumulated during the oxic incubation period, presumably due to nitrification 
of added ammonium. The potential impact of different initial NO3-+NO2- concentration on 
denitrification kinetics was further investigated as it has previously been demonstrated that 
N2O reduction activity is sensitive to NO3- and NO2- concentration. Predicted NO3-+NO2- 
porewater concentrations at the start of the anoxic period were significantly correlated to 
N2OI (50 hrs), N2OI (N2 plateau) and N2O/N2O+N2 (50 hrs) but not N2O/N2O+N2 (N2O max) 
and N2O hypothetically emitted % (Table 2.2). 
Normalized N2 production rates (% of maximum) were plotted against residual NO3-+NO2- 
concentrations estimated from denitrification progress at different stages during the anoxic 
incubation to allow comparison of soil N2 kinetics at similar NO3-+NO2- concentrations 
(Figure 2.4B, C). N2 productions rates rose as NO3-+NO2- concentrations fell but it is likely 
this is due to natural progression of denitrification concurrent with NO3-+NO2- -N being 
reduced. Soils did show dramatic differences in % N2 production rate at similar NO3-+NO2- 
levels. These differences were largely explained by the already observed concurrent vs. 
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sequential phenotypes (Figure 2.4C), and may not be directly driven by actual differing 
sensitivities to NO3-+NO2- concentrations. Soils with a sequential denitrification phenotype 
maintained near zero rates of N2 production until a dramatic rate increase occurred usually 




Figure 2.3. Relationship between average daily rainfall (average daily mm rainfall over 10 
years prior to sampling) and N2O production/reduction phenotypes (A) or N2O hypothetically 
emitted % (B). p-value presented is for difference of medians using Wilcoxon rank sum test 
with chi-squared approximation. Correlations between all rainfall and N2O emission 
potential metrics are presented in Table S2.3. 
 
 
Table 2.2. Correlations between predicted NO3-+NO2- at the start of anoxia and measures 
of N2O emission potential 
 
  
Variable by Variable Spearman ρ Prob>|ρ|
predicted NO3-+NO2- start anoxia N2OI (50hrs) 0.698 0.0006
predicted NO3-+NO2- start anoxia N2OI (N2 plateau) 0.532 0.0192
predicted NO3-+NO2- start anoxia N2O/N2O+N2 (50hrs) 0.543 0.0134
predicted NO3-+NO2- start anoxia N2O/N2O+N2 (max N2O) 0.299 0.1999




Figure 2.4. Normalised soil N2 production rates (N2 rate over max N2 rate in same soil) 
increase as available NO3-+NO2- is depleted in anoxic soil incubations amended with 2 mM 
NH4NO3. In most soils, predicted NO3-+NO2- at beginning of anoxic period is greater than 
measured NO3-+NO2- immediately following NO3- amendment (A) indicating NO3-+NO2- 
accumulation, most likely due to nitrification during oxic pre-incubations. Plots (C, D) allow 
comparison of N2O reduction activity at similar NO3-+NO2- concentration for each soil. 
Ranking of soils across Y-axis could indicate potential variation in soil N2O reduction 
sensitivity to NO3-+NO2- concentration, however this ranking simply describes the 
aforementioned N2O production/reduction phenotypes (C) and a potential effect cannot be 





















































































Measured nitrate+nitrite-N at start of incubation 

























2.3.5 Carbon supplementation 
It was hypothesized that differences in apparent denitrification phenotypes resulted from 
electron competition under carbon-limited conditions between earlier steps of denitrification 
and N2O reduction. A set of soils representing a range of phenotypes/N2O emission potential 
were selected for further incubations which were amended with both glutamate (to relieve 
potential carbon limitation) and NH4NO3 (to provide NO3- for denitrification) or NH4NO3 
alone. In most cases, carbon negative controls (Figure 2.5, left panel) recapitulated the 
general phenotypic trends observed in initial incubations (Figure 2.1) but there were some 
large observable differences, possibly caused by changes to the incubation preparation 
methodology (removed oxic preincubation, increased added NH4NO3 to 4 mM). In particular, 
soil 40-Fairlie-Geraldine (Figure 2.5A, top-left) showed a “weakened” concurrent phenotype, 
compared with original incubations (N2O hypothetically emitted %, 0.41 in original vs. 0.80 
in second incubation). Differences for other soils were much less dramatic (N2O 
hypothetically emitted %, soil-20, 0.74 vs. 0.83, soil-1, 0.96 vs. 0.90, soil-33, 0.98 vs. 0.99, 
soil-5, 0.87 vs. 0.70). All +N treatments also had higher CO2 production rates and 
denitrification process rates, on average 1.44 (average CO2 production rate) and 1.38 (max 
N2O production rate) times higher respectively, compared with original incubations. This 
may suggest changes made to incubation methodology resulted in higher respiration and 
probably available soil carbon. Changes in denitrification process rates were most dramatic 
in soil 40 with maximum N2O and N2 production rates increasing 1.76 and 1.83 fold 
respectively compared with the original incubations.  
Carbon amendments altered concurrent soil kinetics towards a sequential phenotype while 
soils that were already sequential were largely unaffected in terms of phenotype (Figure 2.5). 
Carbon amended concurrent soils (Figure 2.5A) maintained, on average, 7.91 fold higher NO 
concentrations and carried out N2O reduction on average 2.84 fold slower before peak N2O 
compared with N amended controls, resulting in a 12% increase in hypothetically emitted 
N2O % (excluding outlying N2 production replicate for soil 20, which presumably had a 
higher than average leak rate). Carbon amendment had a dramatic effect on denitrification 
rates in soil 20-Waitaha Valley which completed denitrification 61 hours before the N 
amended control. C amended sequential soils (Figure 2.5B) accumulated similar levels of 
NO to controls (max NO 1.53 and 2.31 µmol for soil 1+N and 33+N respectively vs. 1.23 
and 2.51 µmol for soil 1+C+N and 33+C+N respectively) and had similarly low rates of N2O 
reduction (N2 rate before peak N2O 0.18 and 0.08 µmol/hr for soil 1+N and 33+N 
respectively vs. 0.22 and 0.10 µmol/hr for soil 1+C+N and 33+C+N respectively) before 
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peak N2O. The C amended intermediate soil 5-Waipapa did not appear to respond in the same 
way as other soils. The soil accumulated less NO than the N amended control (Difference 
max NO, 3.26 µmol), completed denitrification 11 hours earlier and showed a variable 




Figure 2.5. Effect of carbon (10 mM Na-glutamate + 4 mM NH4NO3 by flooding and 
draining) on soil denitrification kinetics in representative soils ranging in N2O hypothetically 
emitted (%)/phenotypes: concurrent (A), sequential (B) and intermediate (C). Triplicate 
incubations per treatment (dots, squares, triangles) were carried out under anoxia without 
oxic preincubation. Carbon amended treatments right, C negative controls left. Single leaky 
reps excluded for 20 +N and 40 +C+N. N2O (Orange), N2 (Black) and NO (Blue) are reported 
as µmol-N per vial. Carbon additions shift kinetics in the tested concurrent soils towards 
sequential N2O production/reduction and greater NO accumulation while no dramatic change 
is observed for the sequential or intermediate soils. Graphs with axes scaled to same 






































































































































































































































































































































Table 2.3. Comparison of gas kinetics features across all incubation treatments for five soils  
 
Soil 40 original 40 +N 40 +C+N 20 original 20 +N 20 +C+N 33 original 33 +N 33 +C+N 1 original 1 +N 1 +C+N 5 original 5 +N 5 +C+N
Av N2 rate before peak N2O (µmol/hr) 0.38 0.36 0.10 0.17 0.14 0.06 0.16 0.08 0.10 0.08 0.18 0.22 0.11 0.26 0.54
Av N2 rate after peak N2O (µmol/hr) 0.98 2.20 3.08 0.58 0.52 1.87 1.26 1.57 4.65 2.62 2.77 4.22 0.84 1.30 2.40
Max N2 rate (µmol/hr) 1.39 2.54 4.26 0.76 0.64 3.84 1.51 2.10 6.89 3.65 3.53 5.01 1.04 1.50 3.14
Max N2O rate (µmol/hr) 0.91 1.60 2.46 0.71 0.84 1.15 1.25 1.59 2.77 2.24 2.81 2.83 0.79 1.11 1.87
Av CO2 rate (µmol/hr) 1.15 1.92 2.68 0.90 0.92 1.64 1.34 1.51 2.55 1.99 2.91 3.61 0.74 1.27 2.28
Av NO (µmol) 0.10 0.67 1.15 0.04 0.04 0.56 0.61 0.63 0.62 1.54 0.27 0.23 1.34 1.50 0.51
max NO (µmol) 0.29 2.21 4.64 0.21 0.27 1.27 0.92 2.31 2.51 4.25 1.53 1.23 3.25 6.06 2.79
N2OI (N2 plateau) 0.44 0.61 0.69 0.57 0.58 0.80 0.65 0.65 0.69 0.66 0.63 0.70 0.64 0.53 0.55
N2O/N2O+N2 (max N2O) 0.59 0.79 0.95 0.71 0.80 0.97 0.87 0.94 0.95 0.96 0.93 0.92 0.84 0.79 0.71
Hypothetically emiited N2O (%) 0.41 0.80 0.92 0.74 0.83 1.00 0.98 0.99 1.00 0.96 0.90 0.96 0.87 0.70 0.74
Concurrent Sequential Intermediate






The initial incubation experiment unexpectedly revealed a continuum of soil phenotypes 
based on the timing of N2O reduction/production. The most striking soils (Figure 2.1B) 
carried out N2O production and reduction steps almost entirely sequentially, accumulating 
most N as N2O in vial headspace before initiating rapid N2O reduction. In an open vial 
(unsealed system allowing diffusion and dilution of emitted gases) or pasture soil, this is 
predicted to result in up to 100% emission of produced N2O, therefore the rapid N2O 
reduction rates achieved were irrelevant.  
In addition to our initial aim of re-accessing previously observed links between N2O/N2O+N2, 
pH and microbial community composition (Samad et al., 2016b, 2016a), an opportunity was 
provided to explore the potential causes of these contrasting N2O production/reduction 
phenotypes which are hypothesized to be due to a transient mechanism of action, potentially 
a reversible inhibition or regulatory process. 
2.4.1 The role of pH 
The correlation between low pH and high N2O/N2O+N2 ratio is well documented and has 
been demonstrated in a variety of experimental systems (Bergaust et al., 2010; Liu et al., 
2014; Samad et al., 2016a). As such, it was surprising to find that pH was not correlated to 
measures of N2O emission in the present study. It was considered that variability of other 
factors influencing N2O emission ratios might overshadow a pH effect in this particular data 
set or, alternatively, that pH changes occurred in soils before the anoxic incubation period 
commenced. The prior explanation could be reasonable considering that the studied soils 
were from varying geographical locations with variable management yet many studies 
showing pH effects on N2O/N2O+N2 ratios are performed through variable pH manipulation 
within a single site or soil (Čuhel et al., 2010; Liu et al., 2010; Simek and Cooper, 2002). 
According to comparisons between measured soil NO3-+NO2- before oxic incubation and 
predicted NO3-+NO2- at the beginning of the anoxic period (based on final N2 accumulated), 
nitrification must have occurred in most soils while they were under oxic conditions (Figure 
2.4A). Nitrification of ammonium results in the release of two H+ ions per molecule of 
ammonium oxidized (Rowell and Wild, 1985; Zhao et al., 2014) and therefore could have 
caused significant acidification of incubated soils in the present study, making initial pH 
measurements irrelevant. Various lines of evidence seem to counter this hypothesis:  
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1. There was no correlation between nitrification activity (predicted from the difference 
in initial measured NO3-+NO2- vs. estimated at the start of the anoxic incubation) and 
N2O/N2O+N2 suggesting that pH changes due to nitrification were negligible or at 
least too minor to completely define soil pH trends (Spearmans’s correlation 
N2O/N2O+N2 vs. NO3-+NO2- accumulation during oxic incubation µmol , ρ=0.15, p 
> 0.05).  
2. Estimated NO3-+NO2- concentrations at the beginning of anoxic incubations reached 
similarly high levels in our 2016 study with other soils (Samad et al., 2016b, 2016a) 
suggesting that significant nitrification did occur but correlations between pH and 
N2O/N2O+N2 were still observed. 
3. pH was still not correlated to N2O/N2O+N2 in repeated soil incubations without an 
oxic period (and presumably minimal nitrification) (Spearmans’s correlation, ρ=0.10, 
p > 0.05).  
4. Omission of the oxic incubation period usually resulted in increased hypothetically 
emitted N2O (%) compared with initial incubations (Table 2.3). The opposite would 
be expected if significant amounts of acidification occur during oxic periods.  
Based on these arguments, we tentatively conclude that factors other than pH were the most 
important drivers of N2O production/reduction phenotypes and N2O/N2O+N2 in the current 
study but do not doubt that soil pH could exert effects on the observed phenotype, associated 
N2O/N2O+N2 ratios and NO accumulation patterns based on retrospective analysis of Samad 
et al. (2016b, 2016a). Previous evidence suggests pH based control of N2O/N2O+N2 is due 
to a post-transcriptional impairment of enzyme maturation in the periplasm (Bergaust et al., 
2010; Liu et al., 2014), however, we suggest this does not explain well the delayed nature of 
N2O reduction observed in Samad et al. (2016a) or elsewhere (Liu et al., 2010).  
2.4.2 The role of microbial community composition and distal 
regulators in determining observed phenotypes 
Samad et al. (2016b, 2016a) previously linked N2O/N2O+N2, pH, and 16S microbial 
community composition using the same methodology used here, however, it remained 
unclear whether correlations between N2O/N2O+N2 and 16S microbial community 
composition indicated a true causal link. Based on the well-known impacts of pH on both 
N2O/N2O+N2 (Simek and Cooper, 2002) and microbial community structuring (Lauber et al., 
2009; Kaminsky et al., 2017; Samad et al., 2016b), a plausible explanation was that pH 
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separately determined both N2O/N2O+N2 and microbial community composition. A similar 
3-way correlation emerged here but with average daily rainfall at the sample sites in place of 
pH. Again, it is plausible that long term rainfall patterns or a linked variable separately 
influenced N2O/N2O+N2 and community composition, however, taken together Samad et al. 
(2016b, 2016a) and the present study may indicate an alternate story: a consistent link 
(though less strong here than Samad et al. (2016a)) between N2O emission potential and 
community composition and a consistent continuum of N2O production/reduction 
phenotypes (though less obvious in Samad et al. (2016a)) both occurring across different soil 
sets among alternate potential confounding drivers (rainfall patterns here, pH in Samad et al. 
(2016b)). Thus, there is some increased support for a true link between 16S community 
composition and N2O emission potential. Soil phenotypes were clearly sensitive to 
manipulations i.e. carbon addition (Figure 2.5 Left side vs. right side) and methodology 
changes altered N2O emission potential/phenotypes (Figure 2.1 vs. Figure 2.5) but different 
communities could hypothetically display a greater propensity for more sequential or 
concurrent denitrification under consistent proximal regulators due to for example alternate 
denitrification regulatory phenotypes of community members between soils (Liu et al., 2013; 
Lycus et al., 2017; Bergaust et al., 2011). 
Still, potential links between N2O emission potential and 16S microbial community 
composition must considered be lightly as these do not specifically describe changes to only 
the denitrifying portion of the community which may only represent a small fraction of the 
entire community. For example, nosZII denitrifiers only represented on average 0.62 % of 
the total microbial community as measured by qPCR of nosZII and 16S rRNA genes here. 
Measurement of the full repertoire of known denitrifying genes may have revealed a more 
relevant correlation with measures of N2O emission potential but only nosZI and nosZII were 
quantified here.  
The abundance and diversity of Clade II nitrous oxide reductase genes is predicted to control 
the N2O sink capacity of soils (Jones et al., 2014). Although nosZII abundances and 
nosZI/nosZII ratios here were related to pH differences (Spearman correlation N2O/N2O+N2 
vs. nosZI/nosZII ρ=-0.47, p < 0.05, vs. nosZII copy numbers ρ=-0.60, p < 0.05), as in previous 
studies (Jones et al., 2014; Samad et al., 2016b), they did not show any correlation to 
N2O/N2O+N2 product ratios (Spearman’s correlation, p > 0.05) in this study, suggesting that 
they probably didn’t determine N2O sink capacity to any significant degree. Indeed, the 
decoupling of N2O/N2O+N2 product ratios and nosZII abundances/ratios in this study under 
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circumstances where pH was not found to drive N2O/N2O+N2 product ratios may weaken 
prior claims (Jones et al., 2014; Samad et al., 2016b) that nosZII abundances affected 
N2O/N2O+N2 product ratios rather than simply varying with the shared driver of pH.  
2.4.3 The role of proximal regulators in determining observed 
phenotypes 
2.4.3.1 The effect of carbon availability 
Enhanced N2O accumulation in response to carbon limitation has been attributed to 
competition for electrons between the different denitrification enzymes (Pan et al., 2013a; 
Ribera-Guardia et al., 2014; Dendooven et al., 1994). Here, carbon additions were made to 
denitrifying soil incubations based on the hypothesis that sequential phenotype soils had 
limited electron supply and were thus directing electrons preferentially towards the earlier 
steps of denitrification. Further, this mechanism could explain why impaired N2O reduction 
activity was only transient i.e. as prior electron acceptors are depleted competition would be 
relieved. Under these circumstances, addition of carbon should lead to increased electron 
availability (as long as regeneration of the electron carrier pool was not already maximal) 
and presumably increased early N2O reduction. Experimental evidence here mostly 
contradicted that hypothesis. Carbon addition to the hypothesized “electron limited” 
sequential soils did not result in a shift towards a concurrent phenotype, though increases in 
denitrification process rates do suggest that those soils were indeed somewhat carbon limited 
(Table 2.3). 
Interestingly, carbon addition actually drove the selected concurrent soils towards a 
sequential phenotype (Figure 2.5A) suggesting that carbon availability is relevant to the 
observed phenotypes though it is unclear whether this is due to quantity, substrate type, C/N 
ratios or some other effect. That denitrification was carbon limited in both sequential and 
concurrent soils (albeit most dramatically in concurrent soil 20-Waitaha) implies that 
quantity is less important or that it is only part of multiple effects that determine observed 
phenotypes. It is also important to observe that this carbon effect was not consistent in the 
tested intermediate soil (Figure 2.5C, Table 2.3), which arguably showed a more concurrent 
phenotype than designated “concurrent soils” in the baseline N amended (no C addition) 
secondary incubation (Figure 2.5A left side vs. Figure 2.5C left side). Carbon addition 
therefore does not always lead to a sequential phenotype. 
Comparisons to initial soil incubations may also be informative about the role of carbon, 
though differences in methodology and initial NO3- concentrations should be taken into 
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consideration. These initial soil incubations probably had less carbon available for 
denitrification due carbon consumption during oxic pre-incubations as evidenced by lower 
CO2 production rates during denitrification (Table 2.3). If the crude assumption is made that 
average CO2 production during denitrification was proportional to carbon availability then 
hypothetical N2O emission in many of these soils (40-Fairlie-Geraldine, 20-Waitaha Valley, 
1-Woodend) appear to exhibit a positive correlation to carbon availability (Table 2.3). 
Based on the above observations it seems plausible that differences in carbon accounted for 
some of the phenotypic variation observed between soils in the original incubations. Direct 
measurement of starting carbon concentrations (e.g. total C, dissolved organic C) in soils 
would be beneficial in future investigations of the observed denitrification phenotypes but 
the question of substrate type remains a hard question to investigate directly in soils. 
2.4.3.2 Nitric oxide accumulation, nitrite accumulation and nitrate 
concentration 
Nitric oxide is considered a potential inhibitor of many enzymes, including N2O reductase 
(Frunzke and Zumft, 1986; Gaskell et al., 1981). Here, NO accumulation to high 
concentrations was associated with delayed N2O reduction activity/the sequential phenotype 
(Spearman’s correlation, average µmol NO vs. N2O hypothetically emitted %, ρ=0.80, 
p<0.0001). NO depletion typically occurred concurrently with dramatic rate increases in N2O 
reduction. Contrastingly, after a small spike in NO, concurrent type soils usually stabilized 
NO concentrations at a low pseudo steady state NO level (Figure 2.1A). Based on these 
observations we hypothesize that sequential type soils were unable to maintain NO 
concentrations below an inhibitory level, resulting in impaired N2O reduction until NO 
production ceased. The rapid onset of N2O reduction in sequential soils implies the proposed 
inhibition would be reversible. Alternatively, NO accumulation may induce some regulatory 
response in denitrifying microbes, result from inactive N2O reduction itself or co-vary with 
the true cause of delayed N2O reduction. If NO inhibition is responsible, it would imply that 
diffusion of NO away from the site of denitrification could be sufficient to relieve inhibition 
in open systems unlike ours. 
A more commonly tested hypothesis is that NO2- accumulation leads to poor N2O reduction 
activity during denitrification (Firestone et al., 1979; Gaskell et al., 1981; Pan et al., 2013a; 
Zhou et al., 2008), possibly due to formation of nitrous acid at low pH’s (Zhou et al., 2008) 
or competition for electrons between nitrite reductase and N2O reductase (Pan et al., 2013a). 
NO gas production and consumption patterns observed here in concurrent type soils may be 
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indicative of low NO2- accumulation. According to predicted actual NO and N2O production 
rates, stabilization of accumulated NO at a low concentration in concurrent soils occurred 
due to reduced NO production not increased NO reduction, possibly indicating low NO2- 
availability and accumulation in these soils. Sequential soils did not achieve stabilization of 
NO concentrations at a low level possibly indicating high NO2- supply and accumulation. 
Based on these observations NO2- measurements would be a valuable inclusion to future 
investigations of the denitrification phenotypes. 
High NO3- concentrations have also been shown to increase N2O/N2O+N2 emission ratios 
during denitrification (Blackmer and Bremner, 1978; Firestone et al., 1979; Gaskell et al., 
1981; Senbayram et al., 2012; Ha et al., 2015). Here, inconsistent correlations between 
predicted NO3-+NO2- concentration at the beginning of the anoxic period and measures of 
N2O emission potential leave the influence of NO3-+NO2- concentration on N2O emission 
potential and the observed N2O production/reduction phenotypes plausible but unclear. In 
particular, lack of correlation with N2O/N2O+N2 (max N2O) and N2O hypothetically emitted 
(%), which directly describe the sequentiality of N2O production/reduction and are also the 
most direct discriptors of N2O emission potential used here, suggest NO3-+NO2- 
concentration was not a dominant effector. Further, many of the soils with relatively high 
initial NO3-+NO2- concentrations in this study actually had very low N2O/N2O+N2 product 
ratios (e.g. See Figure 2.1B, 24-Makarora, 40-Fairlie-Geraldine).  
NO3-+NO2- concentration effects could hypothetically be occluded in correlations between 
separate soils if individual soils had dramatically differing sensitivities to the similar NO3- or 
NO2- concentrations. Indeed, differing sensitivity of N2O reduction to NO3-+NO2- 
concentration in different soils has been previously reported, with higher sensitivity in lower 
pH soils (Blackmer and Bremner, 1978; Firestone et al., 1979; Gaskell et al., 1981). Here, 
tracking individual soils, N2O reduction did increase as predicted NO3-+NO2- concentrations 
fell, typically dramatically within the 10 to 20 mM NO3-+NO2- concentration range for 
sequential soils. However, it is impossible to separate these variables from the natural 
progress of denitrification, which could easily explain the observed patterns (Figure 2.4B). 
We attempted to account for variation in initial NO3-+NO2- concentration retrospectively by 
plotting NO3-+NO2- vs. N2 rate as a percentage of a soils max N2 rate. Normalizing by max 
N2 production rate should account for differences in N2 rate attributable to biomass, carbon 
availability and other differences. It was predicted that NO3-+NO2- occluded effects (e.g. 
possibly pH) might be visible in ranking of soils across the X-axis but these ranking simply 
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ended up describing the aforementioned denitrification phenotypes (Figure 2.4C). 
Experiments applying varying concentrations of NO3- or NO2- would be necessary to 
understand the true impact NO3- and NO2- on the observed denitrification phenotypes and 
N2O emission potential.   
2.4.4 Conclusion 
Here, we demonstrate considerable variation in N2O emission potential for New Zealand 
pasture soils based on the timing and activity of N2O reduction and associated with the 
accumulation of NO gas. We provide evidence suggesting that the observed variation could 
be influenced by multiple soil factors including carbon availability, NO3-+NO2- concentration 
and NO accumulation. We also show an association between N2O production/reduction 
phenotypes and microbial communities and in conjunction with results from Samad et al. 
(2016b, 2016a) suggest this improves the plausibility of a true link between community 
composition and the observed phenotypes/N2O emission potential. These observations align 
with prior results Samad et al. (2016b, 2016a) with the exception of the role of pH. Further 
research on the phenomena described here should focus on directly testing the impact of 
varying NO3- , NO2- and NO concentrations on the observed phenotypes, the potential 
accumulation of NO2-  in sequential type soils, and the potential for regulatory effects such 
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Soil denitrification produces the potent greenhouse gas and ozone depleter nitrous oxide 
(N2O). We previously linked soil N2O emission potential (N2O/N2O +N2) to contrasting 
denitrification phenotypes in 20 pasture soils but were unable to determine their proximal 
cause. Concurrent phenotype soils carried out concurrent production and reduction of N2O 
while sequential phenotype soils delayed N2O reduction until almost all added N was 
accumulated as N2O. In an unsealed environment, the later phenotype is predicted to emit 
most added N as N2O. Here we tested role of delayed N2O reductase synthesis and nitrite 
(NO2-) based impairment of N2O reduction as determinants of delayed N2O reduction in 
sequential type soils. Nitric oxide (NO), N2O and N2 accumulation in virgin or pre-incubated 
anoxic soil incubations was measured by gas chromatography in response to additions of 
nitrate (NO3-), NO2- and N2O. Successive NO3- additions drove 6 of 7 soils towards 
increasingly concurrent N2O production/reduction, suggesting delayed production of N2O 
reductase may be the cause of delayed N2O reduction in initially sequentially denitrifying 
soils. Exogenous NO2- addition (2 mM NO3- + 1 mM NO2- vs. 3 mM NO3- control) to a model 
sequential and concurrent soil demonstrated that NO2- impairs N2O reduction, even when 
N2O reductase is pre-synthesized (pre-incubated soils, 1 mM NO2- + 42 µmol N2O vs. 42 
µmol N2O control). Further, 48 fold higher NO2- accumulation in the sequential vs. 
concurrent soil in response to 3 mM NO3- addition, and the concurrent timing of NO2- 
depletion/N2O reduction in the sequential soil suggest differences in NO2- accumulation are 
a probable cause of the previously observed denitrification phenotypes, however, this should 
be confirmed in a greater number of soils. NO based inhibition is proposed as a potential 
proximal cause of impaired early N2O reduction which could link separate effectors (NO2-, 





Soil denitrification is an important source of nitrous oxide (N2O) (Bouwman et al., 2013), 
the third most significant greenhouse gas globally (Intergovernmental Panel on Climate 
Change, 2013; UNEP, 2013) and a potent stratospheric O-zone depleter (Ravishankara et al., 
2009). In denitrification, microbial reductase enzymes sequentially reduce (NO3-) to nitrite 
(NO2-), nitric oxide (NO), N2O and finally N2 (Zumft, 1997). Gaseous end products (N2O and 
N2) are emitted from soils with the ratio of the two (N2O /N2O +N2) dependent on soil 
conditions such as pH (Simek and Cooper, 2002), NO2-/NO3- concentration, O2 concentration 
(Firestone et al., 1979), carbon availability (Senbayram et al., 2012) and carbon type (Morley 
et al., 2014). Reduced N2O/N2O+N2 ratios are often directly the result of effects on N2O 
reductase, which is understood to be more sensitive to various soil conditions than other N-
reductase enzymes, especially pH (Liu et al., 2010) and O2 concentrations (Morley et al., 
2008). Therefore, understanding the conditions leading to low N2O reductase activity and 
thus high N2O/N2O+N2 ratios is an important step towards reducing global N2O emissions. 
Recent work identified large variability in N2O/N2O+N2 ratios from soils with contrasting 
denitrification gas emission phenotypes (chapter 2). Two primary phenotypes where 
identified based on the timing of N2O reduction in a closed system treated with exogenous 
NO3-. “Sequential” type soils accumulated close to all nitrogen as N2O prior to initiating N2O 
reduction. In an unsealed environment (i.e. in situ soils) these soils are predicted to emit most 
denitrified N as N2O. In contrast, “concurrent” soils carried out N2O production and reduction 
concurrently which is expected to result in lower N2O emissions under field conditions. Soil 
phenotypes were not binary, instead representing a continuous spectrum with intermediate 
type soils carrying out low level early concurrent N2O production and reduction but still 
achieving sudden rate increases in N2O reduction around peak N2O accumulation/NO 
depletion. Glutamate additions typically drove soils towards a sequential denitrification 
phenotype while observational evidence suggested that NO accumulation, long term rainfall 
and microbial community structure may also impact denitrification phenotypes. These 
experiments were not sufficient to define the proximal cause of the observed denitrification 
phenotypes, however, they did suggest a number of further lines of enquiry. NO 
accumulation and consumption trends suggested NO2- could be accumulating in sequential 
soils leading to observed changes in N2O emission between soil phenotypes while the delayed 
nature of N2O reduction may alternatively imply delayed N2O reductase production. 
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NO2- is known to impair N2O reduction in both soils (Firestone et al., 1979; Gaskell et al., 
1981) and wastewater treatment (Zhou et al., 2008; Wang et al., 2018; Yang et al., 2016; Pan 
et al., 2013a) resulting in increased N2O/N2O +N2 ratios. Inhibition most likely proceeds via 
two mechanisms: 1) protonation of NO2- into its acidic form, nitrous acid (HNO2), which is 
thought to be directly inhibitory to N2O reductase (Zhou et al., 2008; Wang et al., 2018; Yang 
et al., 2016), 2) competition for electrons in which NO2- reductases outcompete N2O  
reductases for electron carriers, especially under carbon limitation (Dendooven et al., 1994; 
Pan et al., 2013b, 2013a). ~100% inhibition has been observed at 0.26 and 0.65 mM 
depending on the soil investigated with lower pH soils exhibiting higher sensitivity (Firestone 
et al., 1979; Gaskell et al., 1981). This is within the ranges of accumulation typically 
occurring in soil denitrification incubations, therefore, early transient NO2- accumulation 
could hypothetically cause the sequential denitrification phenotype. 
Delayed production of functional N2O reductase enzyme may also lead to N2O accumulation. 
Soil based studies utilizing the protein synthesis inhibitor chloramphenicol suggest 
denitrification enzyme synthesis can occur in a sequential fashion with late increases in N2O 
reduction activity dependent on de novo synthesis of the enzyme (Firestone and Tiedje, 1979; 
Dendooven and Anderson, 1994). This is not entirely in agreement with soil nosZ (N2O 
reductase) transcriptional profiles which demonstrate relatively rapid nosZ transcription in 
response to anoxia but multiple enzyme synthesis strategies probably exist (Brenzinger et al., 
2015; Liu et al., 2014, 2010). For instance in pure culture some denitrifiers carry out rapid 
complete onset of all denitrification genes in response to anoxia while others carried out 
sequential synthesis involving later transcription of nitrite and nitrous oxide reductases (Liu 
et al., 2013). 
Here we tested two hypotheses linking delayed N2O reduction with a potential mechanism in 
soils: H1) Delayed production of a functional N2O reductase enzyme prevents early N2O 
reduction in sequential type denitrifying soils, H2) NO2- accumulation impairs early N2O 
reduction in sequential type denitrifying soils. We briefly tested delayed N2O reductase 
production (H1) through repeated NO3- additions to the same soils. NO2- accumulation and 
inhibition of N2O reductase in sequential type soils (H2) was tested by comparing NO2- 
accumulation in sequential vs. concurrent soils, and by exogenous NO2- addition. Lastly, we 
tested the hypothesis that NO2- impairs N2O reduction directly, by adding exogenous NO2- 




3.2.1 Soil sampling 
Farmed pasture soils from seven (22-Karangarua, 24-Makarora, 11-Tapawera, 40-Fairlie-
Geraldine, 1-Woodend, 33-Rae’s Junction, 37-Hakataramea) New Zealand South Island sites 
were chosen for re-sampling based on associated denitrification gas kinetics and pH from a 
prior study (Chapter 2). Sampling methodologies used were a modification of those 
previously used (Chapter 2). Sampling took place on the 21st to 23rd of March 2018. Sites 
were re-located via gps. Multiple 10 cm depth cores were sampled at 4 intervals (0 m, 2.5 m, 
5 m, 7.5 m) across a 7.5 m transect per site. Cores were taken evenly across each distance 
interval (0 m, 2.5 m, 5 m, 7.5 m). At each distance 4 perpendicular rows of up to 6 cores per 
row were sampled until a pooled soil weight of ~3 kg was reached. Pooled soils were stored 
on ice for the duration of the sampling trip in partially open ziplock bags and field moist at 4 
ºC in the lab. Large roots, rocks, grass, insects and worms were removed and pooled site 
cores were sieved at 2 mm. Soils underwent a 34 hr period without temperature control during 
transport to the Norwegian University of Life Sciences (NMBU, Ås, Akershus, Norway) 
where gas chromatography experiments were carried out. 
3.2.2 pH measurement 
A 10 ml subsample of each field moist pooled soil was measured into a 50 ml falcon tube 
(Corning, New York, United States) using a volumetric spoon and 25 ml of 10 mM CaCl2 
was added to each tube. Tubes were capped, shaken to homogenize solution and left 
overnight at room temperature. Each soil solution was re-shaken and allowed to settle for 
exactly 10min prior to pH measurement in the upper liquid phase using an Orion 2 star pH 
meter (Thermo Scientific, Waltham, Massachusetts, USA) with an Orion Ross Sure Flow 
Electrode (Thermo Scientific). pH soil preparations were repeated using ddH2O in place of 
CaCl2 to give pH-H2O. 
3.2.3 Baseline nitrate incubations 
Anoxic soil incubations were carried out to determine the denitrification gas (NO, N2O , N2) 
emission kinetics and N2O/N2O+N2 product ratios as measured by gas chromatography. The 
robotic autosampler, 46 vial incubation system, coupled Agilent GC -7890A (equipped with 
ECD, TCD, FID) gas chromatograph and chemiluminescence NOx analyser (Model 200A, 
Advanced Pollution Instrumentation, San Diego, USA) used have previously been described 
in detail Molstad et al. (2016) and Qu et al. (2014). Soil NO3- adjustment and incubations 
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were performed as in Chapter 2, however soils were supplemented with 3 mM NH4NO3 
without oxic preincubations. NO3- adjustment: 80 g dry weight equivalent of soil was placed 
in 500 ml Sterafil Filter Holder (Merck, Burlington, MA, USA) loaded with 0.2 µM cellulose 
filter (Merck) and 1.2 µM glass-fibre pre filter (Merck). 300 ml 3 mM NH4NO3 solution was 
supplied gently above the soil and allowed to stand for 15 minutes. Soils were drained by 
vacuum until they were no longer saturated.  
NO3- adjusted (3 mM NH4NO3 solution via flooding and draining) soils (20 g dry weight 
equivalent) were placed in triplicate 120 ml serum vials. A separate 5 g of soil was taken for 
gravimetric soil moisture content analysis (soils dried at 60 ºC). Vials were sealed using butyl 
rubber septa with aluminium crimp caps and helium flushed to produce an anoxic 
environment. Vials were incubated at 20 ºC with 1 ml headspace gas samples were collected 
every 4 hrs. Chromatograph peak signals were calibrated using premixed standard gases 
(AGA industrial gases, Oslo, Akershus, Norway). Sampled gases were replaced with an equal 
volume of helium gas. Dilution of headspace gases, leakage during sampling and water 
dissolved gases were accounted for by back calculation once incubations had completed. 
3.2.4 Successive nitrate additions 
All baseline soils were re-supplemented with additional NH4NO3 to identify potential 
changes to denitrification kinetics once a full denitrification enzyme repertoire was present. 
Denitrification enzymes are sustained over significant periods of time in soils, much greater 
than the gaps between successive additions of NO3- here (Dendooven and Anderson, 1995). 
A small amount of additional helium flushed NH4NO3 was delivered through rubber septa 
using a syringe at 72 hrs (0.7 mM) once previously added NO3- was accumulated as N2 gas. 
However, this did not provide sufficient gas measurement resolution for analysis. A larger 
amount of NH4NO3 was delivered again at 94 hrs (3 mM), again, once previously added NO3- 
was accumulated as N2 gas. NH4NO3 was added in a significant volume to encourage even 
dispersal resulting in an average 0.61 and 3.5 ml increase in liquid volume for the first and 
second additions respectively. Vials were helium flushed immediately after NO3- additions 
to remove any potential trace O2 leakage and other accumulated gases and returned to the 20 
ºC water bath for continued incubation and gas sampling as described above. 
3.2.5 Calculation of N2O ratio and N2O hypothetically emitted 
N2O/N2O+N2 ratios at peak N2O, (hereafter referred to as N2O/N2O+N2 ratio) and N2O 
hypothetically emitted (%) were calculated to provide a relative continuous variable 
describing the sequentiality of N2O production/reduction in soils and N2O emission potential 
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(previously used in chapter 2). N2O/N2O+N2 ratio was calculated at the point of max 
cumulative N2O, that is, as max µmol cumulative N2O-N over max µmol cumulative N2O-N 
plus µmol cumulative N2-N at the same timepoint. N2O hypothetically emitted (%) was 
calculated as max µmol N2O-N in vial over final cumulative N2-N. In an open vial all N2O 
reaching the headspace would be emitted thus it is described as hypothetically emitted. In 
reality, both measures calculate a similar value however N2O/N2O+N2 can be significantly 
higher if NO3- or NO2- is still present at peak N2O.  
These measures are useful because: 
1) They are event based and therefore do not need to account for the differing time 
various soils may take to denitrify 
2) The peak N2O time point is the most relevant to soil N2O emission potential as 
N2O production after this time is net negative and therefore not relevant to N2O 
emission potential  
3) They are normalized by either peak accumulated N2O +N2 or final accumulated 
N2 and can therefore be used to compare soils with differing amounts of added or 
denitrified N 
4) Dramatic rate increases in N2O reduction usually occur at or around the time 
point of peak N2O, therefore, these measures also describe the level of impairment 
of N2O reduction activity during the relevant period. 
Dramatic rate changes in N2O reduction/N2 production sometimes occurred at peak NO, 
slightly before peak N2O. Therefore we have also described relative N2 accumulation at peak 
NO (µmol N2-N at peak NO over peak accumulated N2-N) for certain individual soils when 
impaired N2O reduction rates are more of a focus than the direct sequentiality of N2O 
production/reduction. 
3.2.6 Nitrate/nitrite incubations 
Triplicate anoxic soil incubations with 3 mM NH4NO3 or 2 mM NH4NO3 + 1 mM NaNO2 
were carried out on a low N2O/N2O+N2 ratio concurrent soil (22-Karangarua) and a high 
N2O/N2O+N2 ratio sequential soil (37-Hakataramea), to test the impact of NO2- on the timing 
of N2O reduction. Solutions of 3 mM NH4NO3 or 2 mM NH4NO3 + 1 mM NaNO2 were added 
to soils via flooding and draining to ensure even distribution of added N. Incubation, 
autosampling and gas chromatography was carried out as for previous baseline NO3- 
incubations described above, however, the incubator, robotic autosampler (Gilson Model 
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222, Gilson, leBel, France) and gas chromatograph (Varian CP4900 microGC, Agilent, Santa 
Clara, California, United States) were an older design with no ECD (lower N2O  sensitivity) 
and lower vial capacity (Molstad et al., 2007). Headspace gases (1 ml) were sampled every 
4 hrs. An additional set of triplicate 3 mM NH4NO3 amended soil incubations was produced 
for each soil and incubated without gas sampling in parallel for use in later NO2- re-addition 
experiments detailed below.  
Replicate miniaturized soil incubations (6.7 g dryweight soil equivalent, 40 ml vial, 3 mM 
NH4NO3, 5 vials per soil) were incubated in parallel under the same conditions for 
measurement of soil NO2- accumulation during denitrification. Gas production was not 
monitored in these vials. A single vial was sampled destructively every 4 hrs for NO2- 
measurement. NO2- extraction was carried out using a slightly modified version of a protocol 
involving pH modification prior to extraction (Stevens et al., 1998; Stevens and Laughlin, 
1995). Vials were uncapped and 11.2 ml of 3M KCl was added. The pH of the soil + KCl 
solution was adjusted to above 8 using an experimentally determined volume of 2M KOH 
(500 µL for 37-Hakataramea, 300 µL for 22-Karangarua). Vials were resealed and placed on 
a shaker at 200 rpm for 40 minutes. A 1 ml volume of soil/KCl homogenate was then 
transferred to a 1.5 ml microfuge tube and spun down at 10,000 g for 10 min.  
NO2- concentration in supernatants was quantified by rapid chemical reduction to NO 
followed by chemiluminescence detection as previously described (Lim et al., 2018). A 
subsample (10 µl) of supernatant was injected into a glass piping system containing 1% w/v 
NaI in 50% acetic acid at room temperature. NaI reacts rapidly with NO2- under acidic 
conditions to produce NO. Produced NO gas was carried by a N2 stream to a Sievers Nitric 
Oxide Analyzer 280i system (GE Analytical Instruments, Boulder, CO, USA) for detection. 
NO peak areas were calibrated using a 10 fold dilution series of KNO2 standards. 
3.2.7 Nitrite re-addition 
To investigate NO2-’s effect on N2O reduction, triplicate vials from the NO3-/NO2- incubation 
experiment treated with 3 mM NH4NO3 were re-supplemented with helium washed 1 mM 
NaNO2 and 0.5 ml pure N2O  (equivalent to 20.79 µmol N2O or 41.58 µmol N) at 40 hrs 
(after all initially added NO3- had been denitrified). It was assumed that at this time soil 
denitrifiers would have a full denitrification enzyme repertoire available and therefore any 
delayed N2O reduction observed could not be the result of delayed enzyme production. 
Additional duplicate soil + 3 mM NH4NO3 vials were re-supplemented with N2O alone as a 
control and a single vial for each soil was supplemented with 15 ml milliQ H2O alone to 
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account for any N2 equilibration out of the added NaNO2 solution. Helium flushed NaNO2 
solution or H2O was added with a 30 ml Plastipak liquid syringe (BD, Franklin Lakes, New 
Jersey, USA). N2O was added using a 1 ml A-2 gas syringe (VICI Precision Sampling, Baton 
Rouge, Louisiana, USA). Vials were prepared with enough additional liquid (15 ml) to allow 
incubation as soil slurries and even distribution of added NaNO2. Slurries were magnetically 
stirred at 500 rpm to encourage gas movement between liquid as headspace vial fractions 
during incubation. Incubation was continued as above, however, the period of gas sampling 





3.3.1 Baseline nitrate incubations 
Sequentiality of N2O reduction/production was evaluated in 7 soils amended with 3 mM 
NH4NO3 using the continuous measures N2O/N2O+N2 ratio at peak N2O and N2O 
hypothetically emitted (%) (Table 3.1). Analyses revealed a continuum of soil phenotypes 
ranging from near completely impaired N2O reduction before peak N2O (e.g. 33-Rae’s 
Junction) to rapid early N2O reduction (e.g. 22-Karangarua) (Figure 3.1, 0-70 hrs). For 
practicality the soils were assigned discrete phenotypic labels concurrent (22-Karangarua), 
intermediate (11-Tapawera, 40-Farilie-Geraldine, 24-Makarora) and Sequential (33-Rae’s 
Junction, 37-Hakataramea, 1-Woodend). Notably, N2O reduction rate shifts in a number of 
soils (e.g. 37-Hakataramea) begun at peak NO, one sampling point prior to peak N2O, 
therefore, N2O/N2O+N2 ratio at peak NO was also evaluated (Table 3.1). 
3.3.2 Successive nitrate additions 
Successive incubations with additional NO3- were carried out to identify changes to 
denitrification gas kinetics once denitrifiers had synthesized a full denitrification enzyme 
repertoire. We hypothesized that if sequential soils maintained delayed N2O reduction in 
successive incubations, then it is unlikely that delayed N2O reduction is the result of delayed 
N2O reductase synthesis. Gas sampling resolution was too low to capture early gas emission 
kinetics features during secondary 0.7 mM NO3- incubations (e.g. early N2O accumulation), 
therefore analyses focused on differences between baseline measurements and the third NO3- 
addition (Figure 3.1, 0-70 hrs vs. 90-240 hrs).  Successive NO3- addition at the end of baseline 
incubations resulted in 6 of 7 soils shifting towards a more concurrent phenotype (Figure 3.1) 
as indicated by decreases to N2O/N2O+N2 ratio and N2O hypothetically emitted (%) (Figure 
3.2 for individual soil and overall changes). The impaired early N2O reduction in soil 37-
Hakataramea was relatively robust compared with other soils, maintaining a modest N2 
production rate before peak NO (Average 1.7% total N2-N accumulated before peak NO) and 
resulting in relatively minor drops in N2O/N2O+N2 ratio and N2O hypothetically emitted (%) 






































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.1. Successive nitrate additions alter gas emission kinetics in 7 New Zealand pasture soils during anoxic incubations. Soils were amended 
with 3 mM NH4NO3 via flooding and draining at 0 hrs, and re-supplemented through gas tight septa at 72 hrs (~0.7 mM) and 94 hrs (3 mM) via liquid 
syringe. Soil vials were helium flushed after each amendment to remove previously accumulated gases and any trace O2 leakage. Denitrification gas 
concentration in the headspace was measured via gas chromatograph every 4 hrs: NO-blue, N2O-orange, N2-black. Triplicate vials were incubated per 
soil: circles, squares and triangles. Soils are ordered according to hypothetically emitted (%) in initial incubations (0-70 hrs) incubations. Lowest top 
left moving anticlockwise to top right. 
 





























Fairlie 68% 0.77 0.82 13% 1.22 0.60 18.03 26.34 20.60 2.38 5.95 5.19
Makarora 73% 0.77 0.82 10% 3.91 1.94 19.64 27.06 20.90 1.87 5.9 5.17
Tapawera 69% 0.72 0.74 13% 5.39 2.66 24.71 35.68 34.93 1.46 6.58 6.05
Hakataramea 84% 0.82 0.97 2% 6.89 3.40 27.13 32.35 28.43 2.08 5.41 4.87
Karangarua 33% 0.39 0.00 0% 0.07 0.03 7.85 24.03 23.27 1.88 5.75 4.88
Rae's Junction 93% 0.86 0.94 3% 0.71 0.35 21.94 23.52 26.33 1.92 5.6 4.87






Figure 3.2. N2O ratios decrease in 6 of 7 New Zealand pasture soil after successive nitrate 
additions. Panels compare N2O/N2O+N2 ratio (A), N2O hypothetically emitted % (B), 
average CO2 production rate (C) and max accumulated NO (D) after the 1st and 3rd nitrate 
addition (see Figure 3.1 for full gas kinetics). All soil paired differences (left): * indicates p-
values > 0.05 using Wilcoxon Signed Rank test. Individual soil differences including 
















































































































   




































































































































































   
 
   
 
































3.3.3 Impact of NO accumulation and pH 
We briefly evaluated the possibility that NO based inhibition or low pH caused delayed N2O 
reduction in the sequential phenotype soils. Max NO accumulation was not correlated to 
N2O/N2O+N2 ratios or N2O hypothetically emitted (%) (Spearman’s correlation, p > 0.05) in 
baseline incubations. However, reductions in N2O/N2O+N2 ratio or N2O hypothetically 
emitted (%) in successive NO3- addition experiments were consistently accompanied with a 
reduction in max NO (Figure S3.1). No significant correlation (Spearman’s p>0.05) between 
pH and N2O/N2O+N2 ratio or N2O hypothetically (%) emitted was observed.  
3.3.4 Nitrite accumulation during anoxic incubations 
It was hypothesized that NO2- accumulation was the proximal cause of delayed N2O 
reduction in sequential type soils during anoxic incubations. New incubations for a model 
concurrent (22-Karangarua) and sequential soil (37-Hakataramea) showed max accumulated 
NO2- in the sequential soil was 48 fold higher than the concurrent (Figure 3.3B), and co-
occurred with low N2O reduction before peak NO (average 10% N2 accumulated before peak 
NO, Figure 3.3A). In addition, large rate increases in N2O reduction from ~9.5 hrs coincide 
with depletion of NO2- to low or below detection levels (Figure 3.3A, B).  
3.3.5 Exogenous nitrite addition 
To test the hypothesis that elevated NO2- would impair N2O reduction, incubations were 
carried out using NO2- (2 mM NH4NO3 + 1 mM KNO2) amended and unamended (3 mM 
NH4NO3) soils. Early N2O reduction was impaired in NO2--amended soils irrespective of 
original phenotype (Figure 3.3A, C). In the concurrent soil a 36% and 0.38 increase to N2O 
hypothetically emitted (%) and N2O/N2O+N2 ratio respectively was observed compared to 
NO2- unamended control (Table 3.2). In the sequential soil, higher N2O hypothetically 
emitted (%) and N2O/N2O+N2 ratios were sustained between treatments and the 
N2O/N2O+N2 ratio at peak NO was 15% greater in the NO2- amended treatment (Table 3.2). 
The later measure may be a more appropriate descriptor of the inhibitory period in the 
sequential (37-Hakataramea) soil where dramatic rate shifts in N2O reduction appear to occur 
from peak NO accumulation (section 3.3.1). 
NO2- addition also modified other aspects of gas accumulation kinetics relative to unamended 
controls (Table 3.2): 10 fold higher max NO accumulation was observed for the concurrent 
soil, the sequential soil had a shorter period of N2O reduction inhibition (~4 hrs in amended- 
vs. ~8 hrs in unamended soils), both sequential and concurrent soils completed denitrification 
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in a shorter timeframe (-5.1 hrs, -11 hrs), and both sequential and concurrent soils 
accumulated a lower final amount of N2-N (-1.7 µmol, -7.6 µmol). 
3.3.6 Direct nitrite inhibition 
It was hypothesized that soils incubated with NO3- that completed denitrification should 
possess a fully active denitrification proteome. Under these conditions exogenously added 
N2O should be reduced unless enzyme activity is inhibited directly. To test the potential of 
NO2- as an N2O reductase inhibitor concurrent and sequential soils previously incubated with 
3 mM NH4NO3 control were re-amended with either 1 mM NO2- + 20.79 µmol N2O (NO2- 
amended) or 20.79 µmol N2O alone (NO2- unamended). 
NO2- unamended controls immediately began reduction of N2O to N2 in both concurrent and 
sequential soils (Figure 3.4A) while N2O reduction in NO2- amended soils was initially 
impaired (Figure 3.4B). In the NO2- amended sequential soil only 2% of total N2-N was 
accumulated before peak N2O was reached (Figure 3.4B, right). Predicted NO2- depletion, 
taken as the point of max total N gas accumulation in the vials, also co-occurred at this time 
point. N2O reduction/N2 production was completely impaired in the NO2- amended 
concurrent soil until a slight downturn in measured N2O at the end of the incubation, most 
notable in Replicate 3  (Figure 3.4B, left, squares, ~85 hrs). Simultaneously a small upshift 





Figure 3.3. Nitrite accumulation or addition is associated with impaired N2O reduction in a 
concurrent and sequentially denitrifying soil. Each soil was amended with either 3 mM 
NH4NO3 (A) as baseline control or 2 mM NH4NO3 + 1 mM NaNO2 (C) via flooding and 
draining, helium flushed and incubated anoxically in triplicate 120 ml serum vials (circles, 
squares, triangles). Denitrification gas concentration in the headspace was measured via gas 
chromatograph every 4 hrs: NO-blue, N2O-orange, N2-black. Nitrite 
measurements/predictions (B) were conducted using destructive sampling of parallel 
miniaturized 40 ml NH4NO3 amended vials. Measurements were scaled to appropriate level 
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Table 3.2. Gas kinetics descriptors (average) with nitrate vs. nitrate + nitrite addition 
 
 
Figure 3.4. Nitrite directly impairs N2O reduction in soils with a synthesized full 
denitrification enzyme protein repertoire. Once 3 mM NH4NO3 amended 120 ml control vials 
had reduced all added nitrate to N2 (see Figure 3.3) duplicate vials were amended with either 
20.79 µmol N2O (A) as a control and triplicate vials with 1 mM NaNO2 + 20.79 µmol N2O 
(B) to test the impact of nitrite on N2O reduction once a full denitrification protein repertoire 
had been synthesized. NaNO2 and N2O was added via syringe through rubber septa with a 
significant volume of helium washed milliQ H2O to encourage even distribution of solution. 
Vials were incubated as slurries with magnetic stirring to encourage movement of gas 
between liquid and headspace. Denitrification gas concentration in the headspace was 
measured via gas chromatograph every 2.26 hrs: NO-blue, N2O-orange, N2-black. Note, the 
slight early decreases in measured N2O-N are not due to biological N2O reduction, rather, 
equilibration of added N2O between the headspace and liquid vial fractions (B , left, ~40-45 
hrs). 
+Nitrate +Nitrate +Nitrite +Nitrate +Nitrate +Nitrite
N2O/N2O+N2 0.32 0.70 0.71 0.67
N2O hypothetically emitted (%) 0.24 0.60 0.64 0.68
N2O/N2O+N2 (max NO) 0.00 0.00 0.82 0.95
Max NO (µmol) 0.04 0.41 5.62 6.60
Final accumulated N2 (µmol-N) 22.14 14.59 20.55 18.85
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3.4.1 Confirmation of Denitrification Kinetics Phenotypes  
Previous work established the presence of two major denitrification kinetics phenotypes that 
accounted for delayed N2O reduction in the absence of a pH effect (chapter 2). Here we 
confirm this observation using re-sampled soils from that study. Consistency of phenotypes 
between sampling trips is evaluated in document S3.1, however, this was not the focus of 
this study, and the analysis is limited due to the differences in methodology used here (no 
oxic pre-incubation, 3 mM NH4NO3).  
3.4.2 Evidence for delayed N2O reductase synthesis 
Delayed synthesis of N2O reductase has previously been reported to increase soil N2O 
accumulation in a time dependent manner (Firestone and Tiedje, 1979; Dendooven and 
Anderson, 1994). This was explored as a potential cause of sequential N2O 
production/reduction in the present study by successive additions of NO3- to preincubated 
soils with pre-synthesized N2O reductase enzymes. Decreased N2O/N2O+N2 ratios in most 
soils after the final NO3- addition (Figure 3.2A, B) support the hypothesis that delayed N2O 
reductase synthesis and potentially low resting levels of N2O reductase (Dendooven and 
Anderson, 1995) caused the initially observed sequential type denitrification, however, they 
do not confirm it. Alternative mechanisms such soil alkalization during previous rounds of 
denitrification e.g. (Brenzinger et al., 2015), carbon depletion (potentially indicated by 
reduced respiration rates incubation 3 vs. 1, Figure 3.2C) or physical differences due to the 
addition of increased liquid volume during successive incubations could also hypothetically 
have impacted the observed changes in sequentiality of N2O production/reduction across 
successive NO3- additions. Other observed changes to denitrification gas kinetics, such as 
reduced respiration (CO2 production)(Figure 3.2C), increased time to denitrify (Figure 3.1, 
0-70 hrs vs. 90-240 hrs) and decreased max NO accumulation (Figure 3.2D) potentially imply 
other changes to the soil across successive NO3- additions in addition to potential changes in 
denitrification enzyme synthesis. Future investigations in these soils using more targeted 
experimental approaches including qPCR of nosZ N2O reductase transcripts over time and 
inhibition of de novo enzyme synthesis by chloramphenicol would enable a better assessment 
of delayed N2O reductase synthesis as a contributor to sequential type denitrification in the 
future.    
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3.4.3 Low N2O reduction linked to nitrite accumulation 
NO2- has previously been reported to impair N2O reduction in soils (Gaskell et al., 1981; 
Firestone et al., 1979) and, therefore, we hypothesized transient accumulation of NO2- 
explained the delayed N2O reduction observed here in sequential soils. Forty-eight fold 
higher NO2- accumulation in a sequential vs. concurrent soil and the timing of such 
accumulation (Figure 3.3) was consistent with this hypothesis. Further, the accumulated 
concentrations of NO2- (0.8 mM in the sequential 37-Hakataramea soil) were well within the 
reported inhibitory range (Gaskell et al., 1981; Firestone et al., 1979). For example Gaskell 
et al. (1981) and Firestone et al. (1979) reported close to 100% inhibition in their most 
sensitive soils at 0.64 mM and 0.26 mM respectively. 
While the above mentioned analyses are still only correlative, the exogenous NO2- addition 
experiments clearly demonstrate that NO2- can inhibit N2O reduction in a time dependent 
manner resembling the previously observed sequential phenotypes irrespective of soil’s 
original phenotypic classification (Figure 3.3C).  
It remains unclear why sequential type soils should accumulate more NO2- during 
denitrification. Under anaerobic conditions NO2- accumulation is determined by the relative 
activities of NO2- production via NO3- reduction and NO2- consumption by abiotic 
decomposition or biotic reduction. Abiotic decomposition is particularly relevant at low pH 
(Spott et al., 2011; Lim et al., 2018), however, the two soils assessed in depth here had 
remarkably similar pH (Table 3.1) yet highly divergent NO2- accumulation (Figure 3.3B). 
Alternatively, NO2- accumulation could result from differing denitrification genotypic 
potential such as increased NAR to NIR gene ratios, regulatory phenotypes such as 
preferential delayed synthesis of nitrite reductase relative to nitrate reductase (Liu et al., 
2013) or increased probability of stochastic nitrate reductase synthesis relative to nitrite 
reductase (Lycus et al., 2018), and electron competition between nitrate and nitrite reductase 
(Almeida et al., 1995). Indeed, previously demonstrated links between microbial community 
composition changes and changes in the sequentiality of N2O production/reduction (chapter 
2) and N2O emissions in general (Samad et al., 2016b; Morales et al., 2014) could 
hypothetically indicate differing NO2- reduction/production regulatory phenotypes or 




3.4.4 Mechanism of nitrite related inhibition 
Mechanistic understanding of NO2- related impairment in soils is limited. Here, the sustained 
inhibitory effect of NO2- on N2O reduction in pre-incubated soils (with pre-synthesized N2O 
reductase) indicates a direct inhibitory mechanism rather than an indirect regulatory effect 
via delayed N2O reductase synthesis (Figure 3.4). Additionally, N2O reduction in N2O  
amended controls was effectively immediate within the given resolution constraints (2.5 hrs 
between sampling points), consistent with our assumption that functional N2O  reductase was 
already present.  
Two mechanisms, electron competition and nitrous acid inhibition, consistent with a more 
direct mechanism of inhibition (i.e. not delayed enzyme production) have previously been 
observed in wastewater treatment scenarios, and these may be applicable to the soil context. 
Competition for electron supply between N reductases results in decreased activity for certain 
enzymes when electron supply is outstripped by electron demand (Pan et al., 2013a; Wang 
et al., 2018; Ribera-Guardia et al., 2014). Given the presence of NO2- and N2O, competition 
between NO2- and N2O reductases appears to be particularly strong, as electrons are 
preferentially diverted to NO2- reductase over N2O reductase under decreasing carbon supply, 
often resulting in N2O accumulation (Pan et al., 2013a). Further, it has been suggested that 
the strong interplay between these two reductases may result from shared use of the 
cytochrome C550 electron carrier pool (Richardson et al., 2009; Pan et al., 2013a).  
In soils, electron competition has mainly been used as a hypothetical mechanism to explain 
the response of N2O/N2O +N2 ratios to varying supplies of carbon, however, it has not been 
well tested and confusingly, the direction of response to carbon is not always consistent 
between studies (Gillam et al., 2008; Weier et al., 1993; Senbayram et al., 2012). Prior work 
using the soils in this study (Chapter 2), demonstrated that carbon addition sometimes 
resulted in increased N2O/N2O+N suggesting mechanisms other than electron competition 
were at play. Additionally the potential for electron competition in soils depends on the 
presence of full pathway denitrifiers as microbes can likely only compete for their own 
electron carrier pool (Pan et al., 2013a). Whereas genetic evidence suggests that 
denitrification in soils may be carried out by diverse organisms specialized in individual 
denitrification steps (Roco et al., 2017; Graf et al., 2014) but it is not well understood whether 
this is true in practice. 
Nitrous acid, the protonated form of NO2-, has also been implicated as an inhibitor of N2O 
reduction due the synergistic effects of pH and NO2- concentration on N2O reduction (Zhou 
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et al., 2008; Wang et al., 2018; Firestone et al., 1979; Gaskell et al., 1981). Nitrous acid is 
known to be inhibitory to a wide variety of biological processes (Zhou et al., 2011) but it is 
unclear exactly how and where the molecule acts to impair N2O  reduction. In 
hydrogenotrophic denitrification, effects to electron supply in addition to direct N2O 
reduction have been implicated (Wang et al., 2018). Nitrous acid inhibition has not been 
explored as a mechanism in soils but the increasing inhibitory strength of NO2- on soil N2O 
reduction under decreasing pH suggests it may be worth further investigation (Firestone and 
Tiedje, 1979; Gaskell et al., 1981). A further complication in a soil context is that soil surface 
acidity/mineral content, not just aqueous pH alone is an important determinant of nitrous acid 
formation (Donaldson et al., 2014). 
3.4.5 Potential NO effect on N2O reduction 
It was previously hypothesized that high NO accumulation could be the cause of impaired 
N2O reduction in sequentially denitrifying soils based on the correlation between NO 
accumulation and N2O/N2O+N2 ratios in NH4NO3 amended denitrifying soils and the 
conspicuous timing of NO depletion and initiation of N2O reduction (Chapter 2). The 
evidence presented here was inconsistent. The same correlation between NO and 
N2O/N2O+N2 ratios was not re-observed in baseline NH4NO3 amended denitrifying soils but 
the conspicuous timing of NO reduction was maintained and soil treatments which increased 
or decreased NO concentrations also increased or decreased N2O/N2O+N2 ratios (see initial 
NH4NO3 amended baseline incubations vs. NO3- re-additions (Figure S3.1), NO2- un-
amended controls vs. NO2- amended treatments (Figure 3.3) and NO2- amended treatments 
vs. N2O controls (Figure 3.4)). A conserved inhibitory NO effect with differing sensitivities 
between soils with differing denitrifying microbial communities could hypothetically explain 
the currently observed results. There is a precedent for non-competitive inhibitory effect of 
NO on N2O respiration with varying sensitivities between various pseudomonads (Frunzke 
and Zumft, 1986). NO inhibition is also rarely evaluated in soil but one study indicates an 
inhibitory effect with increasing soil sensitivity at lower pH (Gaskell et al., 1981). Inhibition 
is thought to be a result of direct interaction between NO and the NosZ enzyme as 
demonstrated by spectral changes in purified protein (Frunzke and Zumft, 1986).  
The NO concentrations achieved in the present study were sometimes within previously 
stated inhibitory range. In (Gaskell et al., 1981), water dissolved NO in soil slurries at ~1.3 
µM had a minor inhibitory effect on N2O reduction at around 20% inhibition for the most 
affected soil. The highest NO concentration predicted in soil porewater for the present study 
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was ~4.9 µM for the 37-Hakataramea soil (Figure 3.4) and a number other soils also reached 
concentrations about the 1.3 µM value e.g. Table 3.1. Direct comparison to the pure culture 
based inhibitory concentrations (Frunzke and Zumft, 1986) is difficult as inhibition was 
dependent on protein concentration, however, in the most sensitive (N2O grown) cells, full 
inhibition of N2O reduction was achieved at 20 µM NO in culture media, which is above the 
concentrations observed in the present study. The concentrations of NO estimated in 
porewater here are, in a number of cases, borderline with respect to the level of N2O reductase 
inhibition expected based on Gaskell et al. (1981) and below the range predicted in pure 
culture pseudomonads (Frunzke and Zumft, 1986). However, predicted porewater NO 
concentrations are based on headspace gas concentrations and could therefore have reached 
higher local maxima.  
Evidence presented here and previously (Chapter 2) link many separate factors to changes in 
the sequentiality of N2O production/reduction. It is tempting to posit that the various effectors 
may be linked by a common mechanism. A potential candidate suggested here is an inhibitory 
effect of NO which typically increased in accumulation with treatments that further impaired 
N2O reduction (Carbon addition (Chapter 2), NO2- addition) and decreased in treatments 
which relieved impairment of N2O reduction (successive additions of NO3-). A further 
investigation of N2O reduction sensitivity to exogenous NO in these soils is clearly warranted 
and could add significantly to the sparse literature covering this area. 
3.4.6 Conclusion and future directions 
The present study provides specific evidence for an inhibitory effect of NO2- on N2O 
reduction and suggests that sequential N2O production/reduction in the tested soils was due 
to differential NO2- accumulation. Evidence is also provided that delayed N2O reductase 
production could contribute to the sequential denitrification phenotype, however it is 
demonstrated that NO2- acts through a more direct inhibitory mechanism. NO accumulation 
is suggested as a potential proximal cause of inhibition linking multiple effectors and should 
be tested more directly in the future. Alternative mechanisms such as nitrous acid inhibition 
and electron competition also represent further areas of enquiry, however, future 
investigations should first focus on confirming the observations made here in a greater 
number of soils. In particular, the assertion that sequential soils accumulate higher 
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Microbial nitrogen (N) transformations in soil, notably denitrification, result in the 
production of the potent greenhouse and ozone depleting gas nitrous oxide (N2O). Soil 
chemistry and microbial community composition impact N2O emission potential but the 
relative importance of these factors as determinants of N2O emission in denitrifying systems 
is rarely tested. In addition, previous linkages between microbial community composition 
and N2O emission potential rarely demonstrate causality. Here, we determined the relative 
impact of soil extracted communities and water extractable chemical components (e.g. 
dissolved carbon, pH) on N2O emission potential utilizing an anoxic cell based assay system. 
Cells and chemistry were sourced from soils with contrasting N2O/N2O+N2 ratios, combined 
in various combinations and denitrification gas production was measured in response to 
nitrate addition. The specific impacts of pH and carbon limitation were determined using pH 
adjusted and carbon amended control incubations. Average directionless effects of cell and 
extract origin changes on N2O/N2O+N2 (Cell: ∆0.16, Extract: ∆0.22) and total N2O 
hypothetically emitted (Cell: ∆2.62 µmol-N, Extract: ∆4.14 µmol-N) indicated chemistry is 
the most important determinant of N2O emissions. Independent pH differences of just 0.6 
points impacted N2O/N2O+N2 on par with independent extract differences, supporting the 
dominance of this variable in previous studies. However, impacts on overall N2O 
hypothetically emitted were smaller suggesting that soil pH manipulation may not 
necessarily be a successful approach to mitigate emissions. In addition, we observed 
increased N2O accumulation and emission potential at the end of incubations concomitant 
with predicted decreases in carbon availability suggesting that carbon limitation increases 
N2O emission transiently with the magnitude of emission dependent on the both chemical 






Nitrous oxide (N2O) is a potent greenhouse gas and ozone depleter accounting for around 6.2 
percent of worldwide greenhouse gas emissions on a CO2 mass equivalence basis 
(Intergovernmental Panel on Climate Change, 2013). Around 45% percent of this is 
anthropogenically produced, mostly (60%) in agricultural settings via soil based N 
transformations (Syakila and Kroeze, 2011). Denitrification, the anaerobic microbial 
reduction of N compounds (NO3-àNO2-àNOàN2OàN2), is considered a major pathway 
of anthropogenic N2O production (Bouwman et al., 2013). Soil conditions (e.g. O2 
concentration (Smith and Tiedje, 1979; Firestone et al., 1979) and pH (Simek and Cooper, 
2002)), can affect the ratio of the major gaseous end products of this process (N2O & N2) and 
overall process rates resulting in higher or lower N2O emissions to the atmosphere. Therefore, 
understanding the soil factors that favour low N2O emission in the presence of available soil 
N is of great importance to manipulating agricultural systems towards reduced N2O 
production in the future. 
Conceptually, factors affecting soil N2O emission potential can be separated into three areas: 
distal controls which act in the long term to determine denitrifier community composition, 
the genetic and regulatory potential of the community itself, and the immediate scale impact 
of proximal controls which may be transduced through the denitrifiers present (Wallenstein 
et al., 2006). Proximal factors were the first to be investigated due to practicality and 
available technology revealing that variables such as O2 (Smith and Tiedje, 1979; Firestone 
et al., 1979), pH (Simek and Cooper, 2002), nitrate (NO3-) (Senbayram et al., 2012; Firestone 
et al., 1979), temperature (Stanford et al., 1975; Holtan-Hartwig et al., 2002) and carbon 
availability (Senbayram et al., 2012; Beauchamp et al., 1989) had immediate impacts on 
denitrification gas emission. Meanwhile, it may have been assumed that microbial 
community composition and its distal control was less relevant due to the diverse phylogeny 
of denitrifiers and lack of evidence (Wallenstein et al., 2006). Molecular tools later allowed 
the investigation of distal control/microbial community composition (Butterbach-Bahl et al., 
2013; Wallenstein et al., 2006), now suggesting they are important determinants of N2O 
emission outcomes.  Unfortunately many molecular method based studies are only suggestive 
(Graf et al., 2014) or correlative (Samad et al., 2016b; Jones et al., 2014; Philippot et al., 
2009; Čuhel et al., 2010; Morales et al., 2010) and it is always unclear whether microbial 
community features described are the true driver of an N2O emission outcome, especially 
when co-variance is observed with variables such as pH, which can affect both N2O/N2 
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emission ratios and changes in microbial community composition (Samad et al., 2016b; 
Philippot et al., 2009). 
Nevertheless, some studies have managed to isolate microbial community/distal effects as an 
independent variable through careful or inventive approaches. One important approach has 
been the individual isolation and culturing of environmental denitrifiers, which has 
confirmed that different organisms show a contrasting range of denitrification gas emission 
phenotypes under the same culture conditions due to both genetic and regulatory phenomena 
(Lycus et al., 2017). Community scale isolation has also been possible and though probably 
biased in the portion of soil communities extracted e.g. (Nadeem et al., 2013; Holmsgaard et 
al., 2011), has demonstrated that communities from different soils or the same soil under 
different long term pH treatments will show contrasting N2O emission responses to the same 
pH conditions (Dörsch et al., 2012; Liu et al., 2014). Isolation of microbial community and 
distal effects without removal of the actual soil components is more challenging. Attempts 
have been made to control “all” variables relevant to denitrification between soils to isolate 
community based effects, however, this may not account for the effect of physical differences 
between the soils and certainly doesn’t for unknown and unaccounted variables impacting 
denitrification gas kinetics at the time of experimentation (Cavigelli and Robertson, 2000; 
Holtan-Hartwig et al., 2000). Soil based investigations can be highly informative if designed 
correctly. For instance, demonstrating that low pH proximally increases N2O/N2 product 
ratios but also decreases overall denitrification activity in the long-term (Čuhel and Šimek, 
2011). 
Despite the increasing focus on microbial community impacts, the relative impact of 
proximal effects vs. microbial community composition on N2O emission from denitrification 
is still poorly understood. Developing this area will be important to understanding where the 
biggest gains can be made in reduction of actual N2O emissions in agricultural soils. For 
instance, current efforts trialing field scale pH manipulation as a method for reducing N2O 
emissions (MAGGE-PH, 2018) could fail due to contrasting overall impacts of pH at 
proximal and distal scales: Increased pH may proximally reduce N2O emission ratios but at 
the same time it distally increases overall denitrification rates and thus, potentially, overall 
N2O production (Čuhel and Šimek, 2011; Čuhel et al., 2010).  
Here, we incubated soil extracted cells in chemical extracts from pairs of soils with 
contrasting N2O/N2O+N2 emission ratios in all potential combinations with the aim of 
identifying whether microbial composition (extracted cell origin) or proximal control 
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(extracted chemical environment) in general was the most important determinant of the 
contrasting N2O/N2O+N2 ratios and total N2O emission in our model system and soils in 
general. Soil cell extraction allowed treatment of microbial communities as independent 
transferable units while extraction of soil chemistry ensured that whatever water-extractable 
components of the soil were present (e.g. dissolved carbon) reflected the parent soil in the 
produced incubation media. This is in contrast to traditional lab based analyses which 





4.2.1 Soil sampling 
Soil sampling has previously been described in chapter 3. Soils were re-sampled from a 
subset of New Zealand South Island pasture farms (Karangarua, Makarora, Tapawera, 
Fairlie-Geraldine, Woodend, Rae’s Junction) previously sampled in chapter 2. Sampling took 
place from 21st to 23rd of March 2018. Soils were selected based on contrasting pH and N2O 
hypothetically emitted (%) identified in chapter 2. Multiple soil cores (10 cm length, 2.5 cm 
diameter) were sampled along a 7.5 m transect evenly at distances of 0, 2.5, 5 and 7.5 m 
using a foot-operated auger until ~3 kg of soil was collected. Repeated cores at each distance 
were carried out in 4 perpendicular rows up to 6 cores across. Pooled site cores were stored 
field moist on ice in partially open ziplock bags during transport and at 4 ºC in the lab. Grass, 
insects, worms and large roots were removed and cores were sieved at 2 mm. Sieved soils 
were stirred rigorously with a metal spoon to homogenize. Soils underwent a 36 hr period 
without temperature control during transport to the Norwegian University of Life Sciences 
(NMBU, Ås, Akershus, Norway). 
4.2.2 Soil pH 
A 10 ml subsample of each soil was measured into a 50 ml falcon tube using a volumetric 
spoon. 20 ml of 10 mM CaCl2 was added to each falcon tube. Tubes were capped and contents 
mixed via brief shaking. Samples were left to stand overnight at room temperature. Each 
sample was re-shaken and allowed to settle for exactly 10 min prior to pH measurement in 
the upper liquid phase with an Orion 2 star pH meter (ThermoFisher Scientific, Waltham, 
Massachusetts, USA) with an Orion Ross Sure Flow Electrode (ThermoFisher Scientific). 
pH readings were allowed up to 5 minutes to stabilize before the pH was recorded. The 
procedure was repeated with ddH2O in place of 10 mM CaCl2 to provide pH-H2O 
measurements. 
4.2.3 Anoxic soil incubations 
Anoxic 3 mM NH4NO3 amended soil incubations with denitrification gas monitoring were 
carried out to identify soils with contrasting N2O emission potential and are previously 
described in chapter 3. Soils were amended with 3 mM NH4NO by flooding and draining: 
80g dry weight equivalent of moist soil was added to 500 ml Sterafil Filter Holder (Merck, 
Burlington, MA, USA) loaded with 1.2 µM glass-fibre pre filter (Merck) and 0.45 µM 
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cellulose filter (Merck). Soils were amended with a 300 ml solution of 3 mM NH4NO3, left 
to stand for 15 minutes and then drained by vacuum manifold.  
Soils were remixed and ~20 g dry weight equivalent of soil was added to each of triplicate 
120 ml glass serum vials based on predicted soil moisture content. Actual soil moisture 
content was determined later through gravimetric analysis before and after drying of a ~5 g 
NH4NO3 amended soil subsample at 60 ºC. Vials were crimp sealed using butyl rubber septa 
with aluminum cap and anoxia was induced through three 180 second cycles of vacuum 
evacuation interspersed with three 20second cycles of helium filling. Soil vials were placed 
in a 20 ºC water bath and left to stand for 15 minutes to allow equilibration of internal vial 
temperature, then, overpressure was released using a water filled needle.  Headspace gases 
(1 ml) were sampled every 4 hrs via an automated robotic gas sampling system (Molstad et 
al., 2007, 2016). Gases (O2, CO2, NO, N2O and N2) were quantified in real time using a 
coupled Agilent 7890A gas chromatograph (GC) equipped with an ECD, TCD, FID, and 
chemiluminescence NOx analyser (Model 200A, Advanced Pollution Instrumentation, San 
Diego, USA). An equal volume of helium is returned to the vials by back pumping ensuring 
consistent vial pressure. Dilution of headspace gases is accounted for later through back 
calculation. Gas concentrations were calibrated using premixed standard gases supplied by 
AGA industrial gases (Oslo, Akershus, Norway). The overall system and its improvements 
are described in detail in Molstad et al. (2007, 2016). 
4.2.4 Cell based assay soil selection 
Soils with contrasting N2O emission potential were selected for further use in a cell based 
assay (CBA). Soil N2O emission potential was initially determined using N2O hypothetically 
emitted (%): the proportion of total gas that would hypothetically be emitted from an open 
vial. This measure is previously used in chapter 2 and 3 and is calculated as the peak µmol 
N2O accumulated in a vial over the final cumulative (accounted for dilution and leakage) N2. 
Paired soils, Karangarua vs. Rae’s Junction and Tapawera vs. Rae’s Junction, were selected 
for further cell based experiments based on contrasting N2O hypothetically emitted (%). Soil 
emission ratios were later back calculated using a modified measure termed the N2O 
hypothetically emitted ratio (described 4.2.8) to allow comparison with cell abased assay 
treatments. The new term is effectively equivalent N2O hypothetically emitted (%) when 
applied to soil incubations and the only differences arise due to the use of cumulative N2O 
measures rather than amounts directly accumulated in vial. 
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4.2.5 Cell based assay 
A soil extracted cell based assay was developed to determine the relative importance of 
microbial community composition and soil chemistry on N2O emission potential. Extraction 
of soil components allowed them to be treated as independent experimental units. Soil 
chemistry and cells were extracted separately from a low N2O hypothetically emitted (%) 
soil (Karangarua, N2O hypo emit = 33%) and a high N2O hypothetically emitted (%) soil 
(Rae’s Junction, N2O hypo emit = 93%) and combined in 4 possible combinations to give the 
standard treatments: High emitting cells (HEC) + high emitting extract (HEE), high emitting 
cells (HEC) + low emitting extract (LEE), low emitting cells (LEC) + high emitting extract 
(HEE), low emitting cells (LEC) + low emitting extract (LEE). Standard treatments were 
carried out in triplicate vials. Minimum duplicate 3 mM glutamate amended controls of each 
treatment were produced to understand the impact of carbon limitation. Duplicate chemical 
extract free control incubations containing just extracted cells and milliQ were prepared to 
test the baseline activity of extracted cells. Occasional replication in duplicate was 
necessitated by limited vial space in the automated incubator/gas sampler. Cell negative 
controls were prepared to confirm the sterility of chemical extracts and to quantify the elution 
of any N2 and O2 remaining in the extract media after He flushing. Full treatment contents 
and replication is detailed in Table S4.1. Hereafter this initial cell based assay is referred to 
as CBA-int to differentiate it from the CBA using alternate pH soils (section 4.2.6) 
4.2.5.1 Chemical extract media preparation 
Water extractable organic carbon (WEOC) extraction was based on a previous protocol 
(Guigue et al., 2014). Air-dried (room temperature) soil was combined with milliQ H2O at a 
1:3 ratio (170g: 510 ml) in 1 L Schott bottles. Bottles were shaken lengthways on an orbital 
shaker at 120 rpm for 1 hr. Coarse particles were allowed to settle out for 5 minutes and 
supernatant was poured into 250 ml polycarbonate Nalgene centrifuge tubes (ThermoFisher). 
Fine particles were removed by successive centrifugation (pelleting) and filtration steps: 
centrifugation at 4600 G for 20 minutes using JXN-26 high-speed centrifuge with JS-7.5 
swing out rotor (Beckman Coulter, Brea, California, USA), 1.2 µM and 0.45 µM filtration 
using 500 ml Sterafil Filter Holders (Merck, Burlington, MA, USA) loaded with 1.2 µm 
glass-fibre pre filters (Merck) and 0.45 µM cellulose filters (Merck), syringe filtration using 
sterile 0.22 µm mixed cellulose ester filters (Merck). Filter sterilized Na-glutamate solution 
was added to a portion of the chemical extract solution from each soil to give a final 
concentration of 3 mM once diluted in final treatment vials. An equivalent volume of milliQ 
H2O was added to the rest of the extract to account for dilution. Standard extracts, glutamate 
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amended extracts and milliQ for carbon free controls were buffered to pH 6 using 20 mM 
Na-phosphate buffer, as this was the closest value to parent soil pH H2O (Rae’s Junction= 
5.60, Karangarua= 5.75) within the bufferable range. Extracts and milliQ were re-filtered at 
0.22 µm to ensure sterility after pH and carbon manipulation. 22.5 ml of solution was added 
to autoclaved 120 ml glass serum vials containing magnetic stir bars. Vials were crimp sealed 
with butyl rubber septa + aluminium cap. Anoxia was induced through 8 repeated cycles of 
vacuum evacuation and helium filling with continuous magnetic stirring at 360 rpm. Vials 
were stored at 8 ºC until inoculation and incubation. 
4.2.5.2 Cell extraction by low speed centrifugation 
Cell extractions were performed on the same day they would be used, using optimized 
conditions determined in an earlier test extraction yielding approximate cell extraction 
efficiencies for each soil. This allowed rapid extraction, concentration adjustment and 
inoculation of cells during initiation of the cell based assay. The cell extraction procedure 
was modified from Lindahl and Bakken (1995) with cell separation on the basis of 
sedimentation rate using low speed centrifugation. In brief, 20 g of field moist soil was 
blended with 200 ml of milliQ H2O in a two speed Waring blender (Waring, Stamford, 
Connecticut, USA) on high for 3x1min with 5min intermittent cooling on ice between each 
blending run. Coarse particles were allowed to settle for 5min before supernatant was poured 
off into sterile falcon tubes up to the 35 ml mark (equivalent to 8cm centrifugation distance). 
Tubes were centrifuged at 1000G for 10 minutes with 4 ºC cooling on a benchtop Mega star 
1.6R centrifuge with a TX-150 swing out rotor (VWR, Radnor, Pennsylvania, US) to 
sediment out non-cellular debris. Cell containing supernatant was recovered into additional 
falcon tubes and centrifuged at 10,000 G for 20 minutes with 4 ºC cooling to pellet cells using 
an Avanti JXN-30 highspeed centrifuge with JA 14.50 fixed angle rotor (Beckman Coulter). 
Supernatant was removed without disturbing the cell pellet. Cells were washed/resuspended 
with 40 ml milliQ H2O, re-pelleted and supernatant was removed. Cells were re-suspended 
and pooled to a final stock concentration of 6.25x108 cells ml-1 based on predictions from 
previously performed cell extraction and cell counts from the same soils. 
4.2.5.3 Cell counts 
2 ml cell extract solution was collected for cell quantification at the time of initial blending 
and after washed cell re-suspension in milliQ H2O. Samples were amended gluteraldehyde 
to give a 1.5% fixation solution and stored at 4 ºC for at least 2 hrs to allow fixation. Cell 
counts were carried out using SYBR Green staining and epifluorescence microscopy (Noble 
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and Fuhrman, 1998). Cell solutions were diluted 200 fold, and 6 ml was vacuum filtered 
through 0.2 µm Anodisc 25 diameter filters (Whatman, Maidstone, UK). SYBR Green I 
(Molecular Probes, Eugene, Oregon, Texas) was diluted 2.5x10-3 to a working solution. 
Filters were placed on a 100 µL drop of solution and allowed to stain for 20 min in the dark. 
Filters were oven dried at 60 ºC. Duplicate filters per sample were prepared. Filters were 
mounted onto glass slides with an antifade mounting solution consisting of 50% glycerol, 
50% phosphate buffered saline (0.05 M Na2HPO4, 0.85% NaCl, pH 7.5) and 0.1 % p-
phenylenediamine. Cells were counted by epifluorescence microscopy. 
4.2.5.4 Inoculation and incubation 
All vials used during incubations were placed in a 20 ºC waterbath to equilibrate. Headspace 
overpressure was removed by water filled syringe. All vials were amended with 0.5 ml He-
flushed NH4NO3 solution to give a 3 mM final concentration. 2 ml helium washed 
concentrated cells from the appropriate soil were added to give a total of 5x107 cells ml-1 in 
each standard, glutamate amended and carbon negative treatment. 2 ml of dummy He flushed 
milliQ H2O was added to make up the volume in cell free chemical extract controls. Vials 
were magnetically stirred at 360 rpm. Headspace gases were sampled and measured every 4 
hrs using the robotic autosampler gas chromatographs described above under anoxic soil 
incubations. 
4.2.6 Cell based assay with alternate pH soils 
The cell based assay experiment was repeated using soils with contrasting pH and N2O 
hypothetically emitted (%) to test the impact of cells and chemical extract within the context 
of added pH complexity (Here-after referred to as CBA-pH). Rae’s Junction was used as a 
high N2O hypothetically emitted (%) low pH (native pH = 5.60, ratio = 93%) soil, as in CBA-
int, while Tapawera was used as the higher pH lower high N2O hypothetically emitted (%) 
soil (native pH 6.58, ratio = 69%). Again, Rae’s Junction chemical extracts were buffered to 
pH 6. Tapawera chemical extracts were buffered closer to the native soil pH at 6.6. Triplicate 
standard treatments and their pHs were: 6 HEC + HEE, 6.6 HEC + LEE, 6 LEC + HEE, 6.6 
LEC + LEE. Minimum duplicate alternative pH controls were produced for each treatment 
in which the pH of the treatment chemical extract media was switched to the opposite pH. 
This allowed determination of the independent effects of pH and chemical extract. Duplicate 
carbon negative controls and cell negative controls were carried out as in CBA-int but 
glutamate amended treatments were not included. Full treatment contents and replication is 
detailed in Table S4.1. 
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4.2.7 Nitrate and nitrite quantification 
Nitrate + nitrite (NO3- + NO2-) measurements were performed on soil chemical extracts 
before incubation media preparation. This allowed accurate adjustment to a 3 mM NO3- 
concentration in the cell based assay media. 10 µL of chemical extract was injected into a 
sealed glass piping system containing heated (95 ºC) vanadium chloride solution (50 mM 
VCl3, 1M HCl). VCl3 reacts rapidly with NO3- and NO2- at high temperature to produce NO 
gas. Produced NO is transported via an N2 carrier stream to a Sievers Nitric Oxide Analyzer 
280i system (GE Analytical Instruments, Boulder, CO, USA). Cell based assay sample NO2- 
concentrations during incubations were quantified using the same chemiluminescence 
detection system, however, a separate reaction crucible containing NaI (1% w/v NaI in 50% 
acetic acid, room temperature) was used (Lim et al., 2018) to specifically target NO2-. Signal 
peak areas were calibrated using 10 µL injections of a 10-fold KNO3 or KNO2 dilution series 
(1 mM to 0.001 mM). A single rep from each CBA treatment was sampled every ~24 hrs 
(0.15 ml) for immediate quantification of accumulated NO2-. 
4.2.8 N2O emission potential 
Soil and CBA treatment N2O emission potential was evaluated based on two time-integrated 
measures: N2O hypothetically emitted (from here on referred to as N2O emitted) and N2O 
hypothetically emitted ratio (from here on referred to as N2O ratio). Both measures were 
developed to account for periods of net N2O reconsumption form vial headspace which would 
not occur in an open system and is therefore not indicative of N2O emission potential. N2O 
hypothetically emitted is calculated as the sum of net positive N2O accumulations between 
each sampling point over the course of the incubation + N2O lost due to sampling dilution. 
N2O hypothetically emitted ratios are calculated as N2O hypothetically emitted/(N2O 
hypothetically emitted + N2O emission prevented) where the N2O emissions prevented term 
is the total N2 finally accumulated in the vial + loses to sampling and leaks - N2 derived from 
reduction of headspace accumulated N2O. This formula can also applied to soil incubations 
which include only a single N2O accumulation peak and the resulting value is almost 
equivalent to the N2O hypothetically emitted (%) term utilized in chapter 2 and 3, differing 
only in use of cumulative N2O (zeroed, sampling dilution and leakage accounted for) in 
calculations rather than the previously used actual in vial quantities. Differences in these 
measures of N2O emission potential between treatments were evaluated based on non-
overlapping 95% confidence intervals.  
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Independent variable (cell origin, extract origin, pH) effects on N2O emitted or ratio were 
calculated by comparison of relevant treatments and with a specific predicted direction of 
effect in mind. LE cells, extracts and higher pH (6.6) were expected to decrease N2O emitted 
and ratios while HE cells, extracts and lower pH (6.0) were expected to increase N2O emitted 
and ratios. Expected directions of effect were denoted with a positive value and unexpected 
with a negative value. When averaged, effects were maintained as positive or negative values 




4.3.1 Soils vs. Cell based kinetics 
Denitrification gas (NO, N2O, N2) kinetics were compared between soil and cell based 
incubations to determine whether the cell based system accurately modeled the trends 
observed using soils. Soil incubations (Figure 4.1A, Figure S4.1) displayed a single N2O 
accumulation and depletion curve. N2O ratios were determined by early soil N2O reduction 
rates (N2 production rates). Soils with low early N2 production typically experienced a sudden 
increase in N2 production rates once peak N2O accumulation was reached. In the most 
extreme cases close to all added N was accumulated as N2O before high rate N2 production 
was initiated, which would result in high N2O emissions from an unsealed system. 
Gas accumulation patterns in cell-based incubations were inconsistent with soil incubations. 
Most treatments experienced an initial lag phase in denitrification product accumulation and 
CO2 accumulation (Figure S4.2). Early N2O accumulation was very low while major 
differences in N2O accumulation, and thus N2O ratio, occurred later in the incubation when 
N turnover rates suddenly dropped (Figure S4.2). Late drops in N2O reduction rate were 
usually greater than drops in N2O production rates, resulting in increased N2O accumulation. 
These drops are observable as sudden changes in linear N2 accumulation rates, which 
typically occurred at least once during the course of an incubation (Figure 4.2, Figure 4.3). 
Additionally, only certain glutamate amended CBA-int incubations completed processing of 
all added N within the experimental timeframe (Figure 4.2B). 
Despite soil and cell based incubations having distinct gas accumulation patterns, a shared 
ranking based on high (Rae’s Junction, HE cells + HE extract) to low (Karangarua and 
Tapawera, LE cells + LE extract) emissions was observed. Low emitting incubations 
consistently had lower N2O ratios in both cell based assay runs (Figure 4.4: Rae’s Junction 
(HE) vs. Karangarua (LE) and Rae’s Junction 2 (HE) vs. Tapawera 2 (LE)). Gas production 
profiles were not completely consistent between cell based assay runs as evidenced by the 
repeated Rae’s Junction based incubations (Figure 4.1, Rae’s Junction vs. 2-Rae’s Junction), 
however, equivalent N2O ratio rankings were still present between separate cell based assay 
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Figure 4.1. Comparison of parent soils (A) and equivalent unswapped cell based assay treatments (CBA) from CBA-int (B) and CBA-pH (C) reveal 
contrasting gas accumulation patterns. Headspace gases NO (blue), N2O (orange), N2 (black) were quantified every 4 hrs from triplicate (dots, 






Figure 4.2. Inter-treatment variation in CBA-int denitrification gas emission kinetics and 
minimal N2O accumulation in glutamate amended treatments. Standard treatments (A), 3 
mM Glutamate amended controls (B), carbon negative controls (C). Headspace gases NO 
(blue), N2O (orange), N2 (black) were quantified every 4 hrs from triplicate (dots, squares, 
triangles) 3 mM NH4NO3 amended anoxic extracted cell and chemistry based incubations. 
Control treatments (B, C) were carried out in minimum duplicate vials. Note separate scales 
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Figure 4.3. Contrasting denitrification gas emission kinetics between CBA-pH treatments 
derived from parent soils with contrasting pH and N2O emission potential. Standard 
treatments (A), alternative pH controls (B), carbon negative controls (C). Headspace gases 
NO (blue), N2O (orange), N2 (black) were quantified every 4 hrs from triplicate (dots, squares, 
triangles) 3 mM NH4NO3 amended anoxic extracted cell and chemistry based incubations. 
Control treatments (B, C) were carried out in minimum duplicate vials. Chemical extract 
media pH reflected the contrasting pH of the parent soils (HEE: 6, LEE: 6.6) in standard 
treatments whereas pH and chemical extract were decoupled in alternative pH controls. Note 
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Figure 4.4. Relative ranking of parent soil N2O ratios is maintained in equivalent CBA 
treatments but lower on an absolute scale. N2O ratios summarise the N2O emission potential 
from 90 hr CBA anoxic incubations amended with 3 mM NH4NO3 and are calculated as 
N2O/N2O+N2 at the end of a CBA incubation, where periods of net negative N2O 
accumulation are ignored to account for multiple gas peaks. Equivalent CBA treatments 
include both cells and chemical extracts derived from the parent soil. Results from triplicate 





































































4.3.2 Cells vs. extract: determinants of N2O emission potential 
We compared N2O ratios and N2O accumulation in treatments derived from soils with similar 
native pH (5.6, 5.75) to determine whether microbial community (cells) or chemical factors 
(extracts) were the most important determinant of N2O emission potential in the absence of 
pH effects. Both cell and extract origin affected N2O ratio and N2O emitted resulting in a 
gradient: HEC+HEE> LEC+HEE≈HEC+LEE>LEC+LEE (Figure 4.5A, B). Cell and extract 
origin had similar impacts on N2O ratio but extract origin was the most important determinant 
of overall emissions, with on average 60% greater impact (Table 4.1, Overall). 
To account for the role of pH, soils with differing N2O ratio and pH were also compared 
(CBA-pH). pH of the treatment was coupled to the soil extract (HE extracts: 6.0, LE extracts: 
6.6). Again, both cell and extract origin (including coupled pH) affected N2O ratio and N2O 
emitted resulting in a gradient: LEC+HEE>HEC+HEE>HEC+LEE>LEC+LEE (Figure 4.5C, 
D) but extract was the most important determinant of both N2O ratio and emissions (Table 
4.2, Overall). Patterns were largely determined by the unexpected emission patterns of LE 
cells which had very high emission potential in the presence of HE extracts yet low emission 
potential in the presence of LE extracts. Negative emission potential difference values (Table 
4.2, Overall) indicate the unexpected increase in emission potential using LE cells in the 
presence of HE extract.  
pH switched control treatments (HEC 6.0à6.6, LEC 6.6à6.0) revealed high N2O ratio in 
the LEC+HEE treatment was largely a response to the low pH of the HE extracts; LE cell 
N2O ratios were much more sensitive to independent pH change than HE cells (Table 4.3). 
We accounted for these strong impacts on LE cells by examination of the overall assay at pH 
6.6, revealing a similar trend to the CBA-int assay: equal impact of cell and extract origin on 
ratio (average change of 0.13 points), greater impact of extract on total N2O emissions 
(average change cell= 0.37 µmol-N, extract=4.19, Table S4.2). However, it should be noted 
that independent impact of HE extracts still lead to unexpectedly high N2O emissions from 





Figure 4.5. Cell and extract origin impact CBA N2O ratios and N2O emitted (µmol-N per 
vial). Standard swap treatments from CBA-int (A,B) or CBA-pH (C,D). N2O ratios and N2O 
emitted summarise the N2O emission potential from 90 hr CBA anoxic incubations amended 
with 3 mM NH4NO3 and are calculated as N2O/N2O+N2 and total N2O accumulated at the 
end of a CBA incubation, where periods of net negative N2O accumulation are ignored to 
account for multiple gas peaks. Results from triplicate vials per treatment are displayed with 














































































































































































Table 4.1. CBA-int: Differences in treatment emission potential indicating strength of cell and extract origin effects 
 
*Emission potential differences are expressed relative to the HE extract or cells. Positive values indicate reduced N2O emission potential when comparatively LE 
extracts or cells were used. 
*Greyed difference values have non-overlapping confidence intervals with the appropriate comparison. Direct comparison of cell vs. extract difference values should 
be compared relative to the equivalent baseline treatment i.e. HE, HE vs. LE, HE compared with HE, HE vs. HE, LE.  
  
Treatment N2O hypo 
emit ratio











HE cells + HE extract 0.39 0.37, 0.42 6.34 4.43, 8.25 0.12 0, 0.22 1.03 0.02, 2.03 0.75 0.71, 0.79 5.31 2.42, 8.21
HE cells + LE extract 0.18 0.17, 0.19 2.32 1.8, 2.84 0.11 0.03, 0.19 1.17 0.35, 2 0.51 0.3, 0.72 1.15 0.05, 2.25
LE cells + HE extract 0.19 0.18, 0.21 3.49 2.76, 4.22 0.09 0.08, 0.08 0.93 0.72, 1.15 0.39 0.26, 0.5 2.56 2.02, 3.09
LE cells + LE extract 0.07 0.05, 0.1 1.25 0.9, 1.61 0.04 0.03, 0.04 0.38 0.28, 0.47 0.12 0.09, 0.14 0.88 0.43, 1.32
Cell effect Differences Differences Differences Differences Differences Differences
HE, HE vs LE, HE 0.20 0.18, 0.22 2.85 1.19, 4.52 0.03 -0.08, 0.14 0.10 -0.85, 1.04 0.35 0.25, 0.47 2.76 -0.01, 5.53
HE, LE vs LE, LE 0.10 0.08, 0.12 1.07 0.64, 1.49 0.07 -0.01, 0.15 0.80 -0.01, 1.61 0.39 0.18, 0.6 0.27 -0.68, 1.22
Average cell effect 0.15 1.96 0.05 0.45 0.37 1.51
Extract effect Differences Differences Differences Differences Differences Differences
HE, HE vs HE, LE 0.21 0.19, 0.24 4.02 2.26, 5.78 0.00 -0.09, 0.1 -0.15 -1, 0.7 0.24 0.03, 0.44 4.17 1.64, 6.69
LE, HE vs LE, LE 0.12 0.1, 0.14 2.23 1.62, 2.84 0.05 0.04, 0.05 0.56 0.37, 0.74 0.27 0.15, 0.38 1.68 1.22, 2.13






Table 4.2. CBA-pH: Differences in treatment emission potential indicating strength of cell and extract origin effects 
 
*Emission potential differences are expressed relative to the HE extract or cells. Positive values indicate reduced N2O emission potential when comparatively LE 
extracts or cells were used. 
*Greyed difference values have non-overlapping confidence intervals with the appropriate comparison. Direct comparison of cell vs. extract difference values should 




















6 HE cells + HE extract 0.41 0.38, 0.44 4.77 4.04, 5.5 0.20 0.16, 0.25 1.27 0.93, 1.62 0.65 0.64, 0.67 3.49 3.06, 3.93
6.6 HE cells + LE extract 0.32 0.21, 0.43 2.91 2.22, 3.58 0.06 -0.09, 0.21 0.31 -0.59, 1.21 0.53 0.34, 0.71 2.60 1.68, 3.52
6 LE cells + HE extract 0.57 0.54, 0.61 9.61 8.49, 10.73 0.46 0.4, 0.51 4.62 3.95, 5.3 0.75 0.74, 0.76 4.99 4.55, 5.44
6.6 LE cells + LE extract 0.12 0.11, 0.14 1.19 1.01, 1.36 0.19 0.16, 0.22 1.19 1.01, 1.36 0.00 0, 0 0.00 0, 0
Cell effect Differences Differences Differences Differences Differences Differences
HE, HE vs LE, HE -0.16 -0.19, -0.13 -4.85 -5.77, -3.92 -0.25 -0.3, -0.2 -3.35 -3.91, -2.78 -0.10 -0.11, -0.08 -1.50 -1.9, -1.1
HE, LE vs LE, LE 0.19 0.09, 0.3 1.72 1.08, 2.35 -0.13 -0.27, 0.01 -0.87 -1.73, -0.02 0.53 0.34, 0.71 2.60 1.67, 3.52
Average cell effect 0.02 -1.56 -0.19 -2.11 0.21 0.55
Extract effect Differences Differences Differences Differences Differences Differences
HE, HE vs HE, LE 0.09 -0.01, 0.2 1.86 1.22, 2.51 0.14 0.01, 0.28 0.96 0.18, 1.74 0.13 -0.06, 0.31 0.90 0.12, 1.67
LE, HE vs LE, LE 0.45 0.42, 0.48 8.43 7.34, 9.51 0.26 0.22, 0.31 3.44 2.81, 4.07 0.75 0.74, 0.76 4.99 4.54, 5.44
Average extract effect 0.27 5.14 0.20 2.20 0.44 2.94





Table 4.3. CBA-pH: Difference in N2O ratio associated with independent treatment 
difference in pH or chemical extract relative to a baseline sample 
 
*negative values indicate a lower N2O ratio relative to the baseline sample. 
*greyed pH and extract difference values have non overlapping confidence intervals for equivalent 
baseline samples (same row). 
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6 HEC + HEE  -0.03 -0.08, 0.01 -0.03 -0.33, 0.28 -0.09 -0.2, 0.01 -0.06
6.6 HEC + LEE 0.07 -0.21, 0.08 0.06 -0.03, 0.15 0.09 -0.01, 0.2 0.13
6 LEC + HEE -0.33 -0.52, -0.15 -0.26 -0.29, -0.23 -0.45 -0.48, -0.42 -0.59




Comparison of independent pH, and extract origin effects revealed an additional two notable 
pH related phenomena: 
1) Low pH drove large increases in N2O ratio (average change 0.11 points), on par 
with independent extract effects (Figure 4.6A), yet only minor changes in total N2O 
emissions (average 1.30 µmol-N, Figure 4.6B) due to the contrasting impact of pH 
on N turnover rates and N2O ratios. In one instance pH increase to 6.6 actually 
increased total emissions (Table 4.4, 6 HEC + HEE). 
2) Low pH and HE extract acted synergistically to increase LE cell emission potential 
i.e. Switching pH and extract of 6.6 LEC + LEE treatment to 6 and HE extracts lead 
to a greater increase in N2O ratio and N2O emitted than would be predicted by 
independent changes in pH or extract (Table 4.3, Table 4.4). A much weaker 
positive synergistic effect (reduction in N2O ratio and total N2O) of LE extracts and 
LE pH (higher-6.6) on HE cells was also indicated (Table 4.3, Table 4.4). 
4.3.3 Partitioning of N2O emissions into two periods  
Treatments varied greatly in their early vs. late N2O accumulation responses. To account for 
this we partitioned kinetics profiles into two distinct periods: period 1 prior to, and period 2 
after, a sudden drop in N2 accumulation rate (defined as a reduction in N2 rate below 60% 
max rate for the same treatment). 
Period 2 N2O ratio and emissions were typically larger than period 1 (Figure 4.7). Further, 
period 2 treatment rankings emulated the trends of the overall analyses across both assays, 
suggesting they determined the overall emission pattern. Though reduced confidence in 
period 2 treatments differences should be noted due to increasing occurrence of overlapping 
95% confidence intervals (Figure S4.3). Period 1 N2O ratio and emissions did not emulate 
the overall trends due to similar N2O ratio and emissions for all treatments in the CBA-int 
(Figure 4.7A, B, Figure S4.3A, B), and the alternative timing of N2O accumulation between 
treatments in CBA-pH (Figure 4.7C, D, Figure 4.3A). The relative impact of extracts on N2O 
emission potential increased in period 2, becoming the most important determinant of N2O 
emissions in the pH controlled assay and both N2O ratio and emissions in CBA-pH (Table 





Figure 4.6. Comparison of independent pH and extract origin changes indicates similar 
impact of pH and extract on N2O ratios (A) but minor impact of pH on N2O emitted (B). 
Each symbol compares the change in N2O emission potential from 1 of 4 CBA-pH baseline 
treatments. Filled symbols indicate non-overlapping 95% confidence intervals for alternative 
pH or extract changes to the same baseline treatment. Positive values indicate variable change 
had expected direction of effect on N2O ratio or emissions i.e. higher pH and LE extracts are 
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Table 4.4. CBA-pH: Difference in N2O hypothetically emitted (µmol-N) associated with 
independent treatment difference in pH or chemical extract relative to a baseline sample 
 
*negative values indicate a lower N2O ratio relative to the baseline sample 
*greyed pH and extract difference values have non overlapping confidence intervals for equivalent 
baseline samples (same row) 
  







6 HE + HE  -1.74 -2.52, -0.96 0.98 -2.31, 4.26 -1.86 -2.49, -1.23 -0.76
6.6 HE + LE 2.84 -0.73, 6.4 0.12 -0.88, 0.65 1.86 1.23, 2.49 2.96
6 LE + HE -7.17 -8.37, -5.99 -2.88 -3.85, -1.93 -8.42 -9.51, -7.34 -10.06
6.6 LE + LE 5.54 5.12, 5.96 1.25 -1.54, 4.04 8.42 7.34, 9.51 6.78




Figure 4.7. Comparison of cell based assay N2O ratio and N2O emitted (µmol-N per vial) across different assay periods. CBA-int (A,B) or CBA-pH 
(C,D). Cell based assay gas accumulation kinetics were split into an overall period (black), period 1 (orange) and period 2 (blue). The cutoff between 
period 1 and 2 was the point at which N2 production rates decreased below, and consistently stayed below, 60% max N2 accumulation rate for a given 
incubation. N2O ratios and N2O emitted summarise the N2O emission potential from CBA anoxic incubations amended with 3 mM NH4NO3 and are 
calculated N2O/N2O+N2 and total N2O accumulated at the end of a defined incubation period, where phases of net negative N2O accumulation are 
ignored to account for multiple gas peaks.  Triplicate vials were included per treatment. Boxes are included for ease of visualization. The same graphs 



























































































































































































































































4.3.4 Carbon/starvation effect 
We hypothesized that changes in emissions from period 1 to 2 were linked to shifts in carbon 
availability. To control for this, +C (3 mM Na-glutamate) controls were included for each 
swap treatment in CBA-int to determine whether any of the observed differences in 
treatments were caused by changes in C availability. Divergence of gas accumulation rates 
in +C controls compared with standard treatments indicated that all treatments became 
carbon limited during the course of the incubation (Figure 4.8). Further, carbon amended 
controls did not experience the late incubation decreases in N2 production rate, or the 
associated increased N2O accumulation, seen in -C treatments suggesting these features may 
result from C limitation. Predicted actual total N gas and CO2 production rates typically 
dropped during the transition to the lower N2 rate period also supporting increasing C 
limitation (Figure S4.2). CO2 rate drops during this time period were often definitive and of 
high magnitude but were less obvious for some incubations: HEC + LEE, 6 HEC + HEE, 6.6 
LEC + LEE. 
4.3.5 Nitrite accumulation 
We previously identified NO2- accumulation as a likely cause of increased N2O emission 
potential in denitrifying soils (Chapter 3), therefore, NO2- was measured periodically during 
both cell based incubation experiments to determine if a link was present in the current 
system. Peak NO2- accumulation was not correlated with N2O ratio in CBA-int (Spearmans 
correlation, p>0.05) however a significant correlation was identified if all treatments, 






Figure 4.8. Carbon limitation associated with increased N2O accumulation and reduced N2 
accumulation in CBA-int incubations. Standard treatments (dots), 3 mM glutamate amended 
treatments (squares). Headspace gases NO (blue), N2O (orange), N2 (black) were quantified 
every 4 hrs from 3 mM NH4NO3 amended anoxic extracted cell and chemistry based 
incubations. Average gas accumulation from triplicate (standard treatments) or minimum 
duplicate (glutamate amended treatments) vials per treatment are presented. Note separate 
scales between treatments to highlight relative gas accumulation.  




































































































































































4.4.1 Relevance of model to soils 
The cell based assay approach allowed causal linkage of microbial community composition 
and chemistry to N2O emission potential. However, as with any model system, applicability 
to the initial environment studied must be present. Conserved soil rankings based on N2O 
ratios implied general relevance of the system to soils (Figure 4.4), however, a number of 
kinetic dissimilarities from soils, resulting in different absolute N2O ratios, must be 
considered.  
1) An initial lag phase in which cell based assay incubations accumulated only very 
low concentrations of CO2 and denitrification products NO2-, NO, N2O, N2 (Figure 
4.2, Figure 4.3). This could hypothetically be caused by an initial lack of sufficient 
denitrifier cell density or a stress response to the cell extraction procedure. Lag or at 
least very low early denitrification activity and CO2 production is also observable in 
some previous soil-extracted cell based experiments, though the cause is unclear 
(Nadeem et al., 2013; Brenzinger et al., 2015; Dörsch et al., 2012). 
2) Low N2O accumulation during period 1 of the incubations (Figure 4.2, Figure 4.3). 
This occurred in most CBA treatments, notably excluding those containing 
Tapawera cells, and resulted in lowered overall N2O ratios relative to parent soils. 
Low N2O accumulation could be a feature of extracted cell based incubations in the 
presence of easily utilizable carbon as indicated by very low N2O accumulation in 
the present carbon amended cell based assay treatments (Figure 4.2B) and a number 
of previous extracted cell based studies (Dörsch et al., 2012; Brenzinger et al., 
2015).  
3) A secondary period of high N2O accumulation/reduced N2 production rates in cell 
based incubations. Evidence discussed below (4.4.3) suggests this was most likely a 
result of carbon limitation and utilization of less energetically favourable carbon 
sources. 
In addition to the explanations given above, the kinetic dissimilarities between soils and cell 
based incubations are potentially explained by a variety of differences in experimental 
conditions. Soil and cell incubations most likely differed in cell density and numbers, 
microbial community composition (due to any biases inherent in the extraction procedure 
(Holmsgaard et al., 2011; Nadeem et al., 2013)), carbon availability and type (the soluble 
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water extractable component of soil C is usually only around 1% of total soil C and no attempt 
was made to match carbon concentration in incubations to soils (Gregorich et al., 2003; 
Guigue et al., 2014)), time of soil in storage (due differences in when separate incubation 
experiments were carried out), and, notably, physical differences including, 
presence/absence of soil particles, water content and stirring.   
Physical factors seem an obvious difference between the CBA and soil based incubations, 
therefore, it is tempting to posit that they caused some of the major differences in 
denitrification gas kinetics. However, the range of potential physical effects do not paint a 
clear hypothesis for their overall impact as determinants of gas accumulation kinetics. Gas 
diffusion rate is decreased by 4 orders of magnitude in water compared to air (Heincke and 
Kaupenjohann, 1999) thus N2O retention and opportunity for reduction would be expected 
to increase in CBA incubations. This effect is somewhat countered by magnetic stirring of 
treatments, but movement of gases can still take a relatively long time, probably based on 
proportional increases of gas partial pressure in headspace and gas solubilized within 
incubation media as gas is emitted into vial headspace. For example, movement of residual 
N2 within helium flushed sterile chemical extracts still took 30 to 40 hrs to completely 
equilibrate with vial headspace concentrations. In the soil incubations, porewater could 
initially contribute to the retention of N2O as it does in situ (Clough et al., 2005) but once 
headspace N2O accumulated to a significant concentration, it would be readily available to 
the whole soil and diffusion rate out of the soil becomes less relevant to N2O reducer contact 
with the gas. Denitrifier contact with available solubilized carbon is probably enhanced in 
CBA incubations by magnetic stirring. In contrast, carbon supply to soil microbes will be 
more physically limited by their location in the soil due to heterogeneity of soil carbon 
distribution (Parkin, 1987; Kuzyakov and Blagodatskaya, 2015). This is somewhat accounted 
for by soil mixing and sieving to 2 mm but some heterogeneity most likely still exists on a 
microbial scale of µm. Ultimately, it is unclear how these physical differences between soils 
and CBA incubations should resolve to influence relative N2O emissions to vial headspace. 
Relevance to the soils is further dependent on extracted microbial communities accurately 
representing soil communities. During any soil cell extraction method, only a portion of soil 
cells are extracted (Lindahl and Bakken, 1995) leaving the possibility for biases in 
composition of the community extracted. For example, Nycodenz based extractions have 
previously been shown to result in reduced microbial community diversity and bias towards 
or against certain bacterial phyla compared to parent soils (Holmsgaard et al., 2011). Bias 
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towards extraction of loosely soil attached cells (LAC) is probable in the present experiments 
due to the intensity of soil dispersion. Soil cell extractions utilizing an almost identical soil 
dispersion method demonstrated that cells extracted by the typical dispersion method (LAC) 
produced more N2O than strongly attached cells (SAC) in glutamate amended incubations 
(Nadeem et al., 2013), though, this is not necessarily in agreement with the low N2O 
accumulation observed in glutamate amended CBA-int incubations from the present study. 
Perhaps the alternate cell separation methods used, Nycodenz density gradient centrifugation 
vs. low speed centrifugation, utilized here resulted in notable differences between these 
experiments. Irrespective of extraction method, the extracted cells still provide information 
on the impact of differing microbial community composition on N2O emission potential and 
their response to changing environments. 
4.4.2 Proximal vs. microbial community effects 
Cell origin impacted both N2O ratio and emissions (Table 4.1 , Table 4.2), indicating a strong 
role for microbial community composition in mediating N2O emission potential. Previous 
extracted cell based studies support this claim (Dörsch et al., 2012; Nadeem et al., 2013; Liu 
et al., 2014) but have typically focused on understanding soil community responses to pH 
and provide little evaluation of overall impact of community differences compared to other 
chemical controls. Here, the directionless effect size of cell origin effects on N2O ratio and 
emissions across both CBAs were not minor, on average only 22 and 37% lower than 
chemical effects. Therefore, microbial community composition should be considered an 
important determinant of N2O emission potential.  
Most of our analyses were based on directional effect sizes (i.e. LE cells and extracts are 
expected to decrease N2O emission potential and HE cells/extracts vice versa). Positive 
values indicated an expected direction of effect while negative values indicated an 
unexpected direction of effect. If positive and negative effects were averaged they cancelled 
to some extent. These directional analyses are important because they indicate to what extent 
it can be generalized and predicted that LE cells or LE extracts for example will always lower 
N2O emission potential and vice versa for HE variables. The alternative possibility is that the 
specific interactions between unique cells and extracts give unique unpredictable outcomes. 
Where pH effects were controlled, evidence suggests that generalizations can usually be 
made. In CBA-int, each variable always had the expected direction of effect and an average 
trend emerged in which cells and extracts had similar impacts on N2O ratio but extracts had 
a greater impact on total emissions (Table 4.1, Overall). The same average trend is observed 
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by analyzing only the higher pH treatments (6.6) from the CBA-pH where only one instance 
of an unexpected direction of effect is observed (Table S4.2, Overall). When pH was not 
controlled for in CBA-pH then LE cells could both improve or worsen an incubation’s N2O 
ratio and emissions depending on the chemical background (Table 4.2, Overall) and this 
provides evidence for unpredictable interactions between a specific denitrifying community 
and its specific chemical environment. Our ultimate interpretation is that some 
generalisations can be made about what is a “good” (low N2O emitting) denitrifying 
community and chemical background but that unpredictable specific effects may occur, 
especially when cells are denitrifying below their typical pH. 
An important caveat of all the above interpretations is our inability to completely confirm 
that cell origin effects were only the result of community composition effects. Extracted cells 
clearly displayed some lesser but notable activity when incubated in just H2O (Figure 4.2C, 
Figure 4.3C) indicating some carbon pool associated with the cells (lysed cells, adherent 
carbon, stored carbon). Differences in this carbon availability between different cell 
extractions could potentially influence the denitrification kinetics within the main treatments, 
especially rates. Cell + H2O controls demonstrate similar gas accumulation rates across both 
cell types in CBA-int (Figure 4.2C) indicating that, most likely, cell associated carbon should 
have little observable impact on treatment differences. However, this cannot be claimed for 
CBA-pH where gas accumulation rates were clearly lower in HE cell + H2O controls (Figure 
4.3C).  
4.4.3 Differential stages in N2O production: the role of carbon 
The timing of sudden decreases in CO2 production and overall denitrification rates (Figure 
S4.2), combined with the lack of late N2O accumulation from glutamate amended controls 
(Figure 4.2) suggest carbon limitation caused the increased N2O accumulation and reduced 
N2 rate observed during the second (late) period in cell based incubations. If simple carbon 
limitation was occurring, it is expected that drops in CO2 production and denitrification rates 
would wane gradually over time as carbon concentrations reduced, however, the drops in 
CO2 and denitrification rates were fairly rapid. Therefore, we suggest the sudden transitions 
in rates are the result of exhaustion of a more labile carbon pool and initiation, or maintenance, 
of consumption of a more recalcitrant carbon pool. Soil extracted carbon is typically 
quantified in these two separate pools with separate consumption rate constants assigned to 
the consumption of each pool e.g. (Bowen et al., 2009; Guigue et al., 2014; Kalbitz et al., 
2003). The multiple (greater than two) N2 rate switches observable in some incubations 
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(Figure 4.2A, LEC + HEE, Figure S4.4, 6 LEC + LEE extended) suggest effects to 
denitrification rates could be through greater than two distinct carbon pools of consecutively 
reduced energy availability.  
Alternatively, denitrification rates may be sustained by consumption of energy storage 
molecules during the reduced N2 rate period. Increased N2O accumulation was previously 
shown in monocultures of Alcaligenes faecalis during carbon limitation and co-occurred with 
consumption of energy storage molecules (Schalk-Otte et al., 2000). This was attributed to 
competition for limited electrons between N2O reductase and the previous denitrification 
reductases. Under this hypothesis, differing N-reductase electron carrier affinities or 
regulatory mechanisms create an uneven distribution of electrons to the separate 
denitrification steps (Pan et al., 2013a; Ribera-Guardia et al., 2014; Wang et al., 2018; 
Schalk-Otte et al., 2000). Earlier N-reductases are thought to outcompete N2O reductase 
resulting in N2O accumulation during limited electron supply. Electron supply can be limited 
due to substrate availability but also carbon oxidation rates (Pan et al., 2013a) which depend 
on the substrate being utilized (Ribera-Guardia et al., 2014) and presumably the organism 
carrying out the oxidation. 
Electron competition is consistent with concurrent drops in CO2 production, N turnover rates 
and uneven rebalancing of N2O production/reduction in the present study, whether this is 
during consumption of energy storage molecules or more recalcitrant carbon. However, it is 
unclear how this mechanism should proceed in a complex community of denitrifiers as 
competition for electrons is only hypothetically viable when N2O production and reduction 
proceed within the same organism. This is not necessarily a valid assumption in a complex 
denitrifying community where multiple species of denitrifiers could specialize in separate 
steps of the process due to the modularity of denitrification genes (Graf et al., 2014; Roco et 
al., 2017; Lycus et al., 2017). Electron competition between N-reductases has been tested in 
complex communities (Pan et al., 2013a; Ribera-Guardia et al., 2014; Wang et al., 2018) and 
in some cases it was assumed that denitrification was carried out by complete denitrifiers 
based on the genera of the dominant microbes within the culture (Pan et al., 2013a; Wang et 
al., 2018). In depth sequencing of metagenomes and metatranscriptomes with genome 
reconstruction would be necessary to actually resolve the modularity of active denitrifiers 
within the present system since phylogeny is usually considered a poor predictor of 
denitrification genetic potential (Jones et al., 2008).  
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In light of the carbon limitation hypothesis, subsetted (period 1 and 2) treatment analyses 
indicate differing relative sensitivities of N2O ratio and emissions to cell and extract origin 
during carbon (electron) limited and non-limited conditions. For example, in CBA-int, cell 
origin was the most significant determinant of N2O emissions but chemical extract origin 
became the most significant determinant in period 2 (Table 4.1, period 1 vs. period 2). In 
CBA-pH period 2, chemical extract was increasingly determinant of both N2O ratio and 
emissions compared with period 1 (Table 4.2. period 1 vs. 2). Patterns were largely impacted 
by the contrasting N2O emission patterns in Tapawera (CBA-pH LE cells) cell containing 
treatments including an early N2O peak during period 1, and often 0 N2O accumulation 
during period 2 (Figure 4.3). Indeed this may be an indication that some species of denitrifier 
are capable of unbiased redistribution of electrons to N reductases during carbon limitation 
or an example of separate organisms carrying out N2O reduction and production as mentioned 
above. Further, the reduced relative importance of cell origin in period 2 could represent a 
selection and convergence of communities to a more similar state under similar chemical 
conditions. Dominant denitrifiers have previously been shown to change over the course of 
an incubation as influenced by incubation conditions (Brenzinger et al., 2015) and similarly 
so does the transcriptionally active part of the community (Brenzinger et al., 2015; Liu et al., 
2019). One likely example of convergence is in the rate optima of a low pH adapted 
denitrifying community: denitrification rate optima was initially situated at the low native 
pH but in the short term but moved towards a more neutral optimum over the course of 
several days (Šimek et al., 2002).  
Cell based assay N2O accumulation was typically much greater during the “carbon limited” 
period, raising overall N2O ratio to be more in line with soil based incubations (Table 4.1 , 
Table 4.2). A greater relevance of this period to denitrification in soils is possibly indicated, 
as soil denitrification rates are typically carbon limited in the presence of excess added N e.g. 
(Weier et al., 1993; Liu et al., 2010; Parkin, 1987; Burford and Bremner, 1975). An 
additional point of confusion, possibly contradicting the above interpretations, is that cell + 
H2O treatments also demonstrated the distinct denitrification rate changes which we have 
attributed to carbon limitation (Figure 4.2C, Figure 4.3C). This either means the carbon 
limitation hypothesis and associated interpretations are wrong or that these incubations begun 
with a non or initially less limiting availability of carbon. Cells were washed multiple times 
during extraction to remove carbon from the suspension solution. It is therefore most likely 
that the utilized carbon sources in these treatments is derived from lysed cellular constituents, 
cell adherent carbon or stored carbon.  
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4.4.4 pH effects 
pH differences of just 0.6 points could account for similar changes in N2O ratio as differences 
in chemical extract during CBA-pH (Figure 4.6A). This is consistent with denitrification 
literature which commonly identifies pH as a major driving factor of differences in N2O/N2 
emission ratios between soils (Simek and Cooper, 2002). In contrast, N2O emissions were 
much less susceptible to pH change compared with chemical extract origin due to the 
conflicting effects of pH on N2O ratio and denitrification rates, which are also previously 
noted (Šimek et al., 2002). In one case, lowering the pH actually resulted in increased N2O 
emissions, therefore, this evidence supports the view that pH manipulation of soil is not 
necessarily a successful approach to reduce overall N2O emissions.  
Of further note is the synergistic effect of low pH and HE chemical extract on N2O 
accumulation from LE cells and of high pH and LE chemical extract on HE cells indicated 
by the comparisons in Table 4.3 and Table 4.4. The effect of foreign conditions on LE cells 
was particularly severe. An initial emission peak during period 1 and net zero production of 
N2O during period 2 can be understood to be the typical emission pattern of LE cells as this 
was the general pattern observed in carbon negative control incubations (Figure 4.3C) and 
LEC + LEE treatments (Figure 4.3A, B). An independent change to the HE chemical extract 
resulted in the appearance of an additional N2O peak during the carbon limited period (Figure 
4.3) and increased overall N gas production rates while an independent decrease in pH 
resulted in a minor increase in N2O ratio. In combination the lower pH greatly exacerbated 
the dual peaks created by HE chemical extract. The broad scale implication is that variables 
negatively impacting denitrification gas emissions can compound to create particularly 
undesirable scenarios. 
4.4.5 Conclusion 
These investigations provide empirical evidence for microbial community composition 
effects on N2O emission potential, but these were on average still weaker than chemical 
effects. Differences in cell based assay gas accumulation kinetics reduce the general 
applicability of this system to soils but also serendipitously provide evidence that carbon 
limitation or switching to more recalcitrant carbon sources can lead to increased N2O 
emissions. Investigations into the effects of pH corroborate the large body of research 
suggesting that this is a particularly important determinant of soil N2O emission ratios but 
also suggest that its impact on total N2O emissions could be minor compared to other soil 
variables. Ultimately, we add to the mounting evidence that microbial community 
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5.1 The current paradigm 
Abiotic and biotic transformations of fixed soil nitrogen produce the potent greenhouse gas 
and ozone depleter, nitrous oxide (N2O). Approaches to reduce N2O emission to the 
atmosphere can be summarized as 
1) Approaches limiting excess N input into soil systems. 
2) Approaches controlling product stoichiometry (N2O/N2O+N2) of N releasing 
processes. 
Progress in approach two is highly desirable, considering predicted increases in N input e.g. 
fertilizer use (Tilman et al., 2011; UNEP, 2013) and increasing demand for N inefficient food 
sources such as meat into the future (Reay et al., 2012). One of the major N2O producing 
processes is denitrification (Bouwman et al., 2013; Thomson et al., 2012) which, importantly, 
has the potential to be either a very high or low N2O emitting process due to inherent, yet 
sensitive, potential for N2O reduction by the N2O reductase enzyme. Product stoichiometry 
(N2O/N2O+N2) is sensitive to a number of soil controls of which we have an incomplete 
understanding. 
Historically, denitrification research has focused on the effect of four major chemical 
controls: O2, pH and nitrate (NO3-) and carbon availability. Under the current paradigm, O2 
acts as the gate to denitrification, preventing the activity of various regulatory and 
transcriptional factors controlling the expression of denitrification enzyme genes (Gaimster 
et al., 2018), and acting post-transcriptionally to limit enzymatic activity during re-exposure 
to oxic conditions e.g. (Morley et al., 2008). Low pH results in reduced denitrification rates 
and increased N2O/N2O+N2 product ratios (Simek and Cooper, 2002), due to post-
transcriptional phenomena (Bergaust et al., 2010; Liu et al., 2014) and potentially by 
influencing interactions with N-oxyanions (Blackmer and Bremner, 1978; Gaskell et al., 
1981; Firestone et al., 1979). Apart from a simple N supply standpoint, high NO3- 
concentrations result in increased N2O/N2O+N2 emission ratios (Blackmer and Bremner, 
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1978; Gaskell et al., 1981; Firestone et al., 1979; Senbayram et al., 2012), presumably by 
acting as a more energetically favourable electron acceptor compared with N2O (Giles et al., 
2012). Carbon availability may control denitrification product stoichiometry by limiting or 
increasing the availability of electrons (Pan et al., 2013a; Schalk-Otte et al., 2000) or enhance 
denitrification rates when high N2O ratio conditions prevail e.g. (Senbayram et al., 2012). 
However, these represent only a fraction of the variables determining final denitrification 
outcomes in soils, many of which may remain to be discovered, re-discovered or explored in 
depth. For example, our understanding of nitrite (NO2-) and NO based inhibition of N2O 
reductase has not seen serious development in soil based systems for many years (Gaskell et 
al., 1981; Firestone et al., 1979). 
Much of the unexplored complexity of denitrification outcomes in soils is expected to lie in 
the impact of microbial community composition. Historically, microbial communities were 
assumed to have a minor role in denitrification outcomes due to lack of evidence, high 
phylogenetic diversity and assumed functional redundancy (Jones et al., 2008; Graf et al., 
2014; Zumft, 1997; Wallenstein et al., 2006) which was reflected in the treatment of 
denitrifying communities as a black box in modeling approaches (Hu et al., 2015; Bakken et 
al., 2012). Now, molecular tools have allowed microbial community effects to become an 
increasing focus of denitrification research and provide increasing support to the hypothesis 
that soil microbial community composition matters for denitrification and N2O emission 
outcomes. For example, demonstrating varying functional and/or regulatory potential of 
different denitrifiers (Graf et al., 2014; Liu et al., 2013; Lycus et al., 2017), alternate 
denitrification gas emission responses of different soil communities to the same pH 
conditions (Liu et al., 2014; Dörsch et al., 2012) and links between nosZII 
abundance/diversity and soil N2O sink capacity (Jones et al., 2014). Unfortunately, much, 
though obviously not all, of this work has a basis in correlative molecular studies. Such 
studies, including parts of the present thesis, may link, for example, denitrification gene copy 
numbers, community composition or diversity to denitrification outcomes e.g. (Samad et al., 
2016b; Jones et al., 2014; Philippot et al., 2009; Čuhel et al., 2010; Morales et al., 2010), but 
do not offer true evidence for causation. These studies are still useful, but will drive 
diminishing returns in our understanding of microbial community effects on denitrification 
in years to come and alternative methods need to be utilized to make causal links between 
microbial community differences and N2O emission outcomes. 
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This thesis set out to further our understanding of the contrasting chemical and microbial 
community control of N2O emissions in a study of 20 soils New Zealand pasture soils using 
soil and cell based anoxic incubations. Soil based incubations expanded on previous work by 
Sama et al. (2016a, 2016b) while cell based incubations enabled causal linkage of microbial 
communities and N2O emission outcomes. Emission potential was evaluated based on 
N2O/N2O+N2 emission ratios (or equivalent measures), which is previously proposed as the 
most important descriptor describing N2O emission potential (Bakken and Frostegård, 2017), 
given that most fixed N will eventually be returned to the atmosphere (Schlesinger, 2009; 
Canfield et al., 2010). 
5.2 Summary of findings  
5.2.1 Chapter 2 and 3 
In Chapter 2 I aimed to confirm previously identified links between pH, microbial 
community composition (based on 16S rRNA gene sequencing) and N2O/N2O+N2 during 
denitrification in pasture soils (Samad et al., 2016b). The previous investigations suggested 
proximal control of N2O/N2O+N2 by pH but also potential distal control with pH determining 
microbial community composition which in turn impacted N2O/N2O+N2. Based on the 
widely accepted impact of pH on both N2O/N2O+N2 (Simek and Cooper, 2002) and microbial 
community composition (Lauber et al., 2009; Kaminsky et al., 2017), the most probable 
explanation of the data was that soil pH determines both N2O/N2O+N2 and community 
composition separately with no causal link between community composition and 
N2O/N2O+N2.  
In chapter 2, using the same methods and a greater number of soils, I found no correlation 
between N2O/N2O+N2 and pH but did find a correlation between N2O/N2O+N2, microbial 
community composition (16S rRNA gene) and an alternative potential distal driver in 
average daily rainfall. The sustained correlation of community composition and 
N2O/N2O+N2 between these studies and inconsistency in pH correlations imply microbial 
community composition may be a true driver or link in the causal chain driving N2O/N2O+N2 
in these soils. 
Another major finding in chapter 2 (and supported again in chapter 3) was the identification 
of a conserved series of N2O production/reduction phenotypes determining N2O/N2O+N2 in 
response to anoxia across a wide range of pasture soils. In hindsight these phenotypes can 
also be observed in Samad et al. (2016a, 2016b). Concurrent phenotype soils carried out N2O 
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reduction from the start of an anoxic incubation, mitigating N2O production as it occurred, 
while sequential phenotype soils delayed N2O reduction until most N was accumulated as 
N2O. The later phenotype soils were clearly capable high rate N2O reduction to N2 but are 
hypothesized to be high N2O emitters in situ due to the poor timing of the process. 
Based on the clear impact of these phenotypes on N2O emission potential, I set out to 
understand their potential causes in chapter 2 and 3. Gas accumulation kinetics and the 
surrounding literature suggested a wide variety of potential controls based on regulatory and 
inhibitory effects, including delayed production of N2O reductase (Firestone and Tiedje, 
1979; Dendooven and Anderson, 1994; Liu et al., 2013), electron competition between N 
reductases (Pan et al., 2013a; Schalk-Otte et al., 2000; Dendooven and Anderson, 1994), 
inhibition of N2O reductase by accumulated NO3-, NO2- or NO (Blackmer and Bremner, 
1978; Gaskell et al., 1981; Firestone et al., 1979; Senbayram et al., 2012). In addition to the 
community and rainfall associations, N2O/N2O+N2 at peak N2O (phenotype) was modified 
by carbon, NO2- and successive NO3- additions. Therefore the originally observed variation 
in soil N2O production could ultimately be determined by a combination of factors. 
Alternatively, based on NO accumulation patterns, I proposed the possibility that NO based 
inhibition of N2O reductase e.g. (Gaskell et al., 1981; Frunzke and Zumft, 1986) could link 
separate effectors through a conserved proximal mechanism.  
5.2.2 Chapter 4 
The 3 variable correlations between rainfall, microbial community composition and 
phenotypes/N2O/N2O+N2 ratios in chapter 2 and Samad et al. (2016b), highlight a 
particularly common problem in denitrification research. That is, a lack of ability to confirm 
causality between microbial community differences and denitrification outcomes. Further, 
most studies linking microbial community composition and N2O emission potential offer 
little information of the size of community impacts compared with chemical controls. If the 
end goal of denitrification research is at least in part applied reduction of N2O emissions in 
the field rather than simply knowledge gathering, then it is important to understand where 
microbial community composition effects sit in the range of negligible to completely 
determinant of N2O emissions. 
I addressed these problems in chapter 4 using a soil extracted cell based experimental system 
allowing the treatment of soil microbial communities as independent units. Investigations 
revealed that soil extracted community origin impacted N2O/N2O+N2 and total N2O 
emissions but less so than soil extractable chemical components. The direction of community 
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and extractable chemical components impacts in the absence of pH effects implied that some 
generalization about what is a low emitting soil community or extract could be made, but that 
unexpected interactions between a specific soil chemical extract and community could lead 
to unexpectedly high N2O emissions when cells were incubated below their natural pH. In 
addition, lower pH increased N2O/N2O+N2 and decreased denitrification rates as is supported 
widely in denitrification literature (Simek and Cooper, 2002). Serendipitously, evidence for 
increased N2O/N2O+N2 ratios under carbon limitation was also provided which is also 
previously supported (Pan et al., 2013a; Schalk-Otte et al., 2000). 
The relative rankings of soil N2O/N2O+N2 were consistent between parent soils and cell 
based incubations suggesting the results have general applicability to soils, however, the gas 
accumulation patterns were not. The general pattern in soils was high initial N2O 
accumulation followed later by increased N2O reduction, whereas cell based incubations 
typically carried out a reversed pattern with low initial N2O accumulation which eventually 
increased due to decreasing N2O reduction activity and probable carbon limitation. Therefore, 
these experiments were unable to determine the specific contribution of microbial community 
origin to the gas accumulation phenotypes described in chapter 2 and 3.  
5.3 Future directions 
The work described in this thesis has many future opportunities for development, from the 
simple repetition of experiments to application of more complex approaches such as 
metatranscriptomics. Replication was limited in many cases by the number of vial spaces in 
the gas chromatograph autosamplers and availability of the machines. Based on a number of 
lines of investigation and evidence from previous literature (Firestone et al., 1979; Gaskell 
et al., 1981; Zhou et al., 2008), NO2- clearly has an inhibitory impact on N2O reduction and 
can reproduce the sequential phenotypes described, but the direct evidence for differential 
accumulation of NO2- in concurrent vs. sequential soils here still hinges on only two soils. A 
priority in future investigations should be to measure NO2- accumulation in a greater number 
of contrasting phenotype soils. Further replication of the CBA treatments would also benefit 
the strength of conclusions drawn in chapter 4, and could allow the appropriate use of 
multiple linear regression to better determine the relative impacts of microbial community 
origin, chemical extract origin and pH. 
The cause or causes of contrasting denitrification phenotypes in soils was only partially 
resolved. Delayed production of N2O reductase was only briefly tested through the addition 
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of NO3- to soils which had already completed a round of denitrification and therefore had a 
full denitrification enzyme repertoire. This mechanism could be further expanded through 
the extraction and quantification of nosZ transcripts throughout the incubation of contrasting 
phenotype soils and through the use of chloramphenicol to inhibit de novo synthesis of 
denitrification enzymes as in older papers (Firestone and Tiedje, 1979; Dendooven and 
Anderson, 1994). The role of microbial community composition in denitrification 
phenotypes may be expanded using the CBA system if it can be understood why gas 
accumulation patterns are different between soils and this system. Troubleshooting of cell 
numbers, carbon quantity, carbon source and extraction methods may allow a better re-
creation of soil-based kinetics.  
In chapter 3, NO inhibition of N2O reductase was proposed as a conserved proximal control 
mechanism linking the impacts of separate effectors (carbon, NO2-, successive NO3- addition) 
of the N2O production/reduction phenotypes. Based on the conspicuous timing of NO 
accumulation, accumulation responses to the various effectors and poor availability of 
literature testing NO inhibition of N2O reductase, an investigation testing the effect of various 
exogenous concentrations of NO on soil N2O reduction activity is clearly warranted.  
The cell based assay experiments have great opportunity for further development. 16S rRNA 
gene sequencing of extracted communities is already underway to establish how extracted 
communities differed from each other and their parent soils. The experiments established that 
both microbial community origin and chemical extract origin influenced N2O emission 
potential but further development of the assay may be able to establish why. I initially aimed 
to pair the CBA with a metatranscriptiomic sequencing approach with the expectation that 
extraction of high quality RNA would be easier in cell based cultures. This could reveal the 
alternative transcriptional patterns of denitrification genes, the responses to stresses such as 
starvation and reveal differences in activated carbon utilization pathways using different soil 
chemical extracts. The content of the CBA chemical extracts was not a focus of this thesis 
but could be further assessed by mass spectrometry with the potential to reveal that 
differences in carbon type or availability correlate with difference in N2O emissions. Carbon 
sources used during denitrification experiments are usually very simple and expansion of 
how microbial communities or individual denitrifiers respond to or have preferences for more 
complex carbon sources and mixes of carbon sources would be valuable. 
One of major advances in soil N2O emission literature is the understanding that multiple 
processes and functional guilds, not just denitrification and nitrification, can contribute to 
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N2O emissions (Hu et al., 2015). Here, most experiments were carried out under anoxia in 
the presence of NO3- or NO2- to promote denitrification, however, these conditions do not 
necessarily preclude the activity of all other nitrogenous transformations which may also 
produce the denitrification products of interest (NO2-, NO, N2O, N2). Co-denitrification 
(Laughlin and Stevens, 2002; Rex et al., 2018), abiotic transformations (Phillips et al., 2016) 
and anammox (Nie et al., 2019) could have contributed N gas accumulation and their 
contribution could be evaluated in the future using isotopically labeled N tracers. 
Here, I linked measured or assumed differences in communities at the start of soil and cell 
based incubations to denitrification outcomes. This is a common approach, but ignores 
complexity due to the fact that denitrifying communities, their transcripts and denitrification 
enzyme pools will change over time. Indeed, our understanding about how initial genetic 
potential is realized in response to N addition and how communities change over time is poor, 
and a great number of questions still need to be answered. Are all potential denitrifiers in a 
soil activated in response to denitrifying conditions? It seems unlikely. Are only a subset 
activated? If so, how many species acting together is typical and is this enough to warrant 
the correlation between denitrification genetic potential prior to active denitrification and 
observed gas emission kinetics? Is competition for electrons relevant when separate 
organisms carry out N2O production and reduction? In the most extreme case, what happens 
if the denitrification response is dominated by a single species? Surely genetic potential 
measured prior to the denitrification event would be irrelevant unless this organism already 
dominated the denitrifier population. Are the denitrifiers activated typically complete 
denitrifiers or do many species act in concert to specialize in separate steps of the process? 
Genetic potential for both exists (Graf et al., 2014). How are the denitrifier species that do 
become active selected from the existing genetic pool? Is it based primarily on their prior 
abundance under the proceeding oxic conditions or their genetic potential to take advantage 
of the present soil conditions? How much do the active species of denitrifier change over 
time? Is there a succession of species? These are not easy questions to answer. Some have 
begun to be addressed by denitrification gene amplicon specific sequencing of soil 
communities over the course of a denitrification event (Liu et al., 2019) but deep sequencing 
of DNA and RNA with the potential for genome reconstruction is a major desired future 
approach because it will allow an assessment of denitrification genotypes and transcriptional 





The investigations presented here do not completely resolve the cause of contrasting soil N2O 
emission potential and their associated N2O production/reduction phenotypes but provide 
promising leads, clarify a number of factors which can transiently impact soil N2O emission 
in response to anoxia and demonstrate the potential to link N2O emission potential at distal 
(rainfall), community (16S rRNA gene community composition) and proximal scales (e.g. 
NO2-, carbon). Overall, the cell based experiments suggest that both soil chemistry and 
microbial community interact to determine soil N2O emissions and support the increasing 
focus on microbial community effects in denitrification research. Managing soil N2O 
emissions in the future may be dependent on developing a better understanding of how 
genetic potential for denitrification links to realized denitrification outcomes, the changes in 
denitrifying communities, their transcripts and enzyme pools over time, and how we can 
manipulate soil communities towards low emitting configurations. However, we must not 
forget to also progress our understanding of impacts by basic chemical controls such as NO 





































1'Woodend 5.34 5.40 6.12 26% 0.27 1.65 Gley Typic'Orthic'Gley' 172.6585126 E43.34467374 Horse
3'Culverden 5.84 6.03 6.52 26% 9.79 1.80 Brown Acidic'Orthic'Brown' 172.8766498 E42.77304764 Dairy
5'Waipapa 5.71 5.91 6.67 18% 7.51 1.76 Pallic Mottled'Immature'Pallic' 173.896982 E42.1598611 Sheep'and'beef
6'Awatere'Valley 5.14 5.29 6.29 21% 8.71 1.46 Pallic ArgillicEfragic'PerchEgley'Pallic' 174.0071667 E41.65830556 Sheep'and'beef
10'Cobb'Valley 5.15 5.25 6.04 29% 12.61 5.69 Recent Weathered'Fluvial'Recent' 172.8037124 E41.02840637 Dairy
11'Tapawera 5.79 6.07 6.83 29% 7.99 2.94 Recent Weathered'Fluvial'Recent' 172.8184177 E41.37703678 Goats
18'Kumara 5.71 5.89 6.67 59% 15.08 7.39 Podzol SiltEmantled'PerchEgley'Podzols 171.1595534 E42.60513565 Dairy
20'Waitaha'Valley 5.16 5.00 6.11 29% 2.97 8.78 Recent Mottled'Fluvial'Recent' 170.6967222 E42.99430556 Dairy
22'Karangarua 5.25 5.27 6.21 22% 2.15 11.51 Recent Mottled'Fluvial'Recent' 169.9179048 E43.48988905 Sheep
24'Makarora 5.96 6.21 6.77 37% 0.67 6.54 Recent Typic'Fluvial'Recent' 169.2133361 E44.25443279 Sheep'and'beef
25'Crown'Range 5.39 5.56 6.35 31% 5.50 2.10 Recent Weathered'Fluvial'Recent' 168.8868558 E44.97856232 Sheep
27'Lumsden 5.21 5.23 6.12 28% 7.43 2.42 Brown Typic'Orthic'Brown' 168.4382183 E45.72624107 Sheep'and'beef
30'Dacre 5.27 5.72 6.53 36% 15.52 3.13 Brown Typic'Firm'Brown' 168.5855143 E46.31253048 Dairy
31'Clinton 5.30 5.35 6.23 35% 1.31 2.26 Brown Typic'Firm'Brown' 169.3635871 E46.20724295 Sheep'and'beef
32'Glenore 5.01 5.14 5.89 30% 9.39 2.49 Pallic Mottled'Fragic'Pallic' 169.8841111 E46.10494444 Beef
33'Rae's'Junction 5.06 5.16 6.01 29% 5.52 1.66 Recent Weathered'Fluvial'Recent' 169.4684603 E45.73937991 Sheep'and'beef
37'Hakataramea'valley 5.22 5.06 5.64 23% 12.77 1.75 Recent Weathered'Orthic'Recent' 170.5911574 E44.79071795 Dairy
38'Southbridge 4.85 4.89 5.88 28% 6.62 1.63 Recent Weathered'Fluvial'Recent' 172.2660278 E43.86016667 Sheep'and'beef
39'Lake'Heron 4.94 4.67 5.60 31% 0.20 3.50 Brown Humose'Orthic'Brown' 171.1658147 E43.50402056 Sheep
















































EC (in 1:5 
Extract)*
% % mg/kg mg/L % mg/kg mg/kg µg/g % mg/kg soil mg/kg mg/kg mS/cm
1 Woodend 5.30 0.58 956 9.2 55.4 6.0 8 43 3 7.0 223 3.9 74 622 0.4 0.08
3 Culverden 5.10 0.53 1141 9.6 44.7 5.6 32 59 42 3.0 152 2.9 61 624 3.2 0.12
5 Waipapa 2.60 0.27 533 9.8 48.8 6.6 12 37 4 3.0 87 3.2 30 248 0.1 0.04
6 Awatere Valley 3.80 0.39 588 9.8 64.6 5.4 13 45 2 4.0 110 2.8 38 397 2.9 0.05
10 Cobb Valley 2.50 0.27 791 9.4 31.6 5.3 22 40 4 5.0 142 5.3 93 407 4.2 0.05
11 Tapawera 3.20 0.35 800 9.2 40.0 6.8 7 32 1 3.0 96 2.8 26 358 0.1 0.04
18 Kumara 2.60 0.13 558 19.9 46.6 5.8 40 62 1 0.6 20 1.5 46 255 2.6 0.01
20 Waitaha Valley 1.70 0.21 870 8.0 19.5 6.2 11 28 7 3.0 53 2.5 60 224 0.3 0.07
22 Karangarua 0.90 0.11 843 8.0 10.7 5.1 14 28 2 0.6 38 3.4 26 112 8.1 0.01
24 Makarora 2.00 0.23 1181 8.8 16.9 5.5 21 32 3 3.0 91 4.0 65 226 2.1 0.04
25 Crown Range 3.10 0.33 964 9.4 32.2 6.0 29 40 5 3.0 137 4.2 48 318 0.6 0.05
27 Lumsden 4.50 0.49 919 9.3 49.0 5.8 12 45 2 5.0 249 5.1 53 523 1.8 0.08
30 Dacre 5.70 0.59 1545 9.8 36.9 5.8 61 64 21 8.0 231 3.9 130 738 1.3 0.13
31 Clinton 4.40 0.44 787 10.1 55.9 5.8 6 59 3 5.0 173 3.9 17 439 1.6 0.03
32 Glenore 3.50 0.38 696 9.3 50.3 5.5 36 46 5 6.0 150 4.0 56 422 1.5 0.06
33 Rae's Junction 3.10 0.33 787 9.3 39.4 5.3 9 45 3 3.0 111 3.3 50 327 3.8 0.05
37 Hakataramea valley 3.80 0.39 803 9.9 47.3 5.0 35 38 22 0.6 108 2.8 85 427 9.2 0.09
38 Southbridge 5.30 0.56 893 9.5 59.4 5.7 11 48 5 6.0 269 4.8 74 547 2.5 0.09
39 Lake Heron 6.00 0.48 652 12.4 92.0 5.3 15 67 2 4.0 51 1.0 0 430 12.6 0.01







*Data taken from earlier 2011 samples (Wakelin et al., 2013)  
 
  










Cadmium* Potassium* Calcium* Magnesium* Sodium* CEC*
Total Base 
Saturation*
mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg me/100g me/100g me/100g me/100g me/100g %
1 Woodend 1719 146 5.9 6.0 2.3 956 5490 14.0 0.6 12.0 0.23 1.51 11.8 4.91 0.35 27 69
3 Culverden 261 61 2.0 1.3 0.7 1141 3980 1.3 0.3 7.6 0.36 0.39 9.9 0.81 0.12 21 54
5 Waipapa 339 67 2.4 1.7 1.3 533 4280 5.0 0.4 7.2 0.08 0.37 9.6 2.46 0.19 16 80
6 Awatere Valley 636 341 4.1 1.0 2.8 588 2070 1.3 0.3 7.7 0.11 0.23 5.3 1.54 0.16 16 44
10 Cobb Valley 907 156 2.7 2.4 6.6 791 1265 17.0 0.6 33.0 0.30 0.18 3.1 1.16 0.06 12 37
11 Tapawera 462 137 2.8 3.3 8.0 800 8160 15.0 0.3 35.0 0.31 0.25 10.3 4.39 0.00 17 90
18 Kumara 105 0.6 3.9 1.9 0.1 558 2360 4.0 0.1 3.4 0.04 0.10 2.5 0.13 0.00 8 33
20 Waitaha Valley 922 31 1.8 8.2 1.0 870 2800 14.0 0.3 9.5 0.12 0.17 4.5 0.50 0.00 8 66
22 Karangarua 842 44 2.7 2.2 1.5 843 2600 6.0 0.2 8.0 0.08 0.08 0.8 0.17 0.00 6 20
24 Makarora 1131 71 2.7 4.8 2.3 1181 3160 12.0 0.5 10.6 0.18 0.10 4.8 0.37 0.00 11 47
25 Crown Range 796 110 4.0 3.6 1.7 964 3450 11.0 0.5 9.7 0.20 0.23 10.0 0.71 0.07 16 69
27 Lumsden 539 115 2.6 1.9 1.2 919 7760 9.0 0.4 9.1 0.40 0.34 12.0 1.28 0.11 22 62
30 Dacre 1481 103 5.4 3.1 0.7 1545 5180 7.0 0.5 4.3 0.53 1.10 11.0 1.51 0.34 25 57
31 Clinton 408 163 1.9 2.0 1.5 787 4170 10.0 0.4 9.2 0.40 0.28 11.4 0.88 0.13 22 57
32 Glenore 1854 86 16.6 2.2 0.8 696 3800 1.3 0.3 3.8 0.20 0.37 6.1 1.39 0.18 16 50
33 Rae's Junction 897 92 4.2 3.5 1.2 787 2740 8.0 0.5 6.0 0.11 0.16 6.8 1.18 0.08 18 46
37 Hakataramea valley 383 34 4.6 0.8 0.5 803 5420 1.3 0.3 6.3 0.17 0.26 6.0 0.48 0.07 16 41
38 Southbridge 1418 107 8.9 4.0 3.4 893 6870 10.0 0.4 11.8 0.37 0.45 10.2 2.28 0.49 23 60
39 Lake Heron 289 45 3.1 2.7 1.3 652 3710 8.0 0.4 9.7 0.09 0.26 2.5 0.54 0.06 19 18






*Data taken from earlier 2011 samples (Wakelin et al., 2013) 
 










aromacity* HWEC* Historical grazing*
g/mL °C mm mm MJ/m2 masl ng/uL ug / g
1 Woodend 0.73 0.32 7.16 1.59 2.74 12.9 12 29.3 15.5 0.70 197 sheep
3 Culverden 0.90 0.24 6.68 1.81 2.89 14.1 182 27.4 13.6 0.58 161 dairy
5 Waipapa 0.97 0.22 8.33 2.11 2.91 14.1 78 23.3 11.4 0.81 98.4 sheep and beef
6 Awatere Valley 0.94 0.13 8.02 1.69 3.10 14.9 134 21.2 9.6 0.53 125 sheep and beef
10 Cobb Valley 0.93 0.28 6.77 5.88 2.33 14.6 99 27 13.9 0.49 144 dairy
11 Tapawera 0.94 0.21 5.78 2.93 2.37 14.6 143 24.7 12.0 0.63 103 sheep
18 Kumara 1.15 0.18 8.22 8.06 2.12 14.1 63 10 4.7 0.99 60.3 dairy
20 Waitaha Valley 0.92 0.38 7.42 7.92 2.18 11.2 16 25.9 14.3 0.88 78 dairy
22 Karangarua 1.01 0.19 7.38 10.79 2.67 13.5 82 20.3 9.7 0.51 53 sheep
24 Makarora 0.77 0.39 3.88 5.58 2.45 14.5 302 25.4 14.2 0.46 123 sheep and beef
25 Crown Range 0.90 0.24 3.90 1.78 2.42 14.6 673 25.6 12.7 0.56 120 sheep
27 Lumsden 0.90 0.25 4.91 2.17 2.18 13.2 211 16.8 8.4 0.43 161 sheep and beef
30 Dacre 0.81 0.37 5.72 2.64 2.11 10.4 61 25.6 14.0 0.53 161 dairy
31 Clinton 0.83 0.33 4.89 2.38 2.09 12.3 147 24.9 13.2 0.40 140 dairy grazing
32 Glenore 0.88 0.22 4.89 2.08 2.18 12.2 28 23.9 11.7 0.61 164 beef
33 Rae's Junction 0.83 0.27 4.23 1.69 2.34 12.3 72 19.8 10.1 0.37 139 sheep
37 Hakataramea valley 0.83 0.26 3.46 1.26 2.03 13.6 174 23.6 11.9 0.56 135 dairy
38 Southbridge 0.77 0.39 7.17 1.56 2.48 13.7 21 25.3 14.0 0.60 194 sheep and beef
39 Lake Heron 0.77 0.32 3.71 2.88 1.71 14.2 717 25.3 13.3 0.29 134 sheep









































% µmol/N/vial mmol/L %&final&N µmol/vial µmol/vial
µmol&N2/
N/vial
1&Woodend 3.36 38% 50.91 7.58 0.98 0.66 0.98 0.96 96% Sequential 4.25 1.54 91.50
3&Culverden 5.37 35% 88.24 13.64 0.96 0.97 0.89 87% Intermediate 8.93 4.76 145.52
5&Waipapa 2.96 30% 22.93 5.68 0.91 0.64 0.89 0.84 87% Intermediate 3.25 1.34 47.91
6&Awatere&Valley 3.75 28% 14.30 5.63 0.94 0.73 0.96 0.85 88% Sequential 2.98 1.35 42.90
10&Cobb&Valley 4.26 36% 47.76 8.46 0.92 0.58 0.89 0.68 64% Concurrent 0.25 0.06 96.27
11&Tapawera 3.36 34% 52.14 8.31 0.92 0.61 0.90 0.78 72% Concurrent 2.39 0.49 87.44
18&Kumara 11.25 61% /13.43 10.82 0.84 0.67 0.79 0.79 77% N/A 24.26 5.33 337.07
20&Waitaha&Valley 2.58 33% 2.77 2.86 0.80 0.57 0.71 0.71 74% Concurrent 0.21 0.04 28.48
22&Karangarua 2.40 21% 4.65 3.26 0.62 0.54 0.61 0.61 53% Concurrent 0.37 0.08 17.77
24&Makarora 1.75 37% 43.46 5.47 0.28 0.10 0.24 0.24 11% Concurrent 0.07 0.02 63.83
25&Crown&Range 3.37 36% 19.18 5.07 0.84 0.58 0.80 0.80 83% Intermediate 1.62 0.64 57.16
27&Lumsden 3.09 37% 26.75 5.33 0.87 0.56 0.84 0.74 76% Concurrent 0.48 0.18 63.72
30&Dacre 4.37 42% 58.64 8.36 0.93 0.64 0.90 0.73 71% Concurrent 0.64 0.12 122.80
31&Clinton 2.04 41% 9.57 2.72 0.28 0.53 0.78 0.78 76% Concurrent 0.71 0.41 38.47
32&Glenore 2.46 37% 17.06 3.90 0.80 0.62 0.94 0.94 97% Sequential 0.71 0.50 46.00
33&Rae's&Junction 2.58 36% 17.50 4.14 0.87 0.65 0.87 0.87 98% Sequential 0.92 0.61 46.38
37&Hakataramea&valley 3.03 34% 28.25 5.76 0.93 0.76 0.96 0.96 109% Sequential 23.20 12.81 59.62
38&Southbridge 2.84 36% 24.20 4.95 0.92 0.59 0.87 0.73 80% Concurrent 0.66 0.24 56.66
39&Lake&Heron 1.95 39% /10.63 1.12 0.26 0.40 0.56 0.56 53% Concurrent 0.45 0.28 14.30





Table S2.3. Correlations between all rainfall and N2O emission metrics 
 
  
Variable by Variable Spearman ρ Prob>|ρ|
N2OI (52.6hr) Av daily rainfall (10 years, mm) -0.568 0.0089
N2OI (52.6hr) Av daily rainfall (month, mm) -0.390 0.0896
N2OI (52.6hr) Av daily rainfall (year, mm) -0.574 0.0081
N2OI (52.6hr) Av daily rainfall (historical, mm) -0.540 0.014
N2OI (N2 plateau) Av daily rainfall (10 years, mm) -0.477 0.0388
N2OI (N2 plateau) Av daily rainfall (month, mm) -0.298 0.2149
N2OI (N2 plateau) Av daily rainfall (year, mm) -0.484 0.0357
N2OI (N2 plateau) Av daily rainfall (historical, mm) -0.491 0.0327
N2O/N2O+N2 (50hrs max N2O) Av daily rainfall (10 years, mm) -0.587 0.0066
N2O/N2O+N2 (50hrs max N2O) Av daily rainfall (month, mm) -0.338 0.1445
N2O/N2O+N2 (50hrs max N2O) Av daily rainfall (year, mm) -0.605 0.0048
N2O/N2O+N2 (50hrs max N2O) Av daily rainfall (historical, mm) -0.617 0.0038
N2O/N2O+N2 (max N2O) Av daily rainfall (10 years, mm) -0.608 0.0045
N2O/N2O+N2 (max N2O) Av daily rainfall (month, mm) -0.436 0.0546
N2O/N2O+N2 (max N2O) Av daily rainfall (year, mm) -0.620 0.0036
N2O/N2O+N2 (max N2O) Av daily rainfall (historical, mm) -0.687 0.0008
N2O hypothetically emitted (%) Av daily rainfall (10 years, mm) -0.692 0.0007
N2O hypothetically emitted (%) Av daily rainfall (month, mm) -0.412 0.071
N2O hypothetically emitted (%) Av daily rainfall (year, mm) -0.681 0.0009




Figure S2.1. Denitrification kinetics of all soils (as in Figure 2.1) with y-axis scaled to the 
same maximum. Circles, squares, triangles represent three replicate vials. N2O (Orange), N2 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S2.2. Relationship between phenotypic classifications and measures of N2O emission 
potential. p-values indicate significant difference of medians based on Wilcoxon rank sum 
test with chi squared approximation. Note autocorrelation between N2O hypothetically 

































































































































Figure S2.3. Microbial community analyses reveal links between 16S community 
composition and N2O emission potential/phenotypes (A), average daily rainfall over 10 years 
and pH (B). NMDS ordination plots (A, B) compare prokaryotic dissimilarities (Bray Curtis) 
of four distance specific (0m, 2.5m, 5m, 7.5m) and 2 pooled soil samples per site. Mantel 
correlations of community dissimilarity vs. variables are significant for average daily rainfall 
over 10 years (Mantel r = 0.44, p < 0.001), pH (Mantel r = 0.41, p < 0.001) and well as 























































































































































































































































































































































































































































































































Figure S2.4. Denitrification kinetics of carbon-amended soils (as in Figure 2.5) with y-axis 
scaled to the same maximum. Circles, squares, triangles represent three replicate vials. N2O 




















































































































































































































































































































































































Document S3.1: Comparison of denitrification phenotypes across 2018 and 2016 samples 
Though not the purpose of this study, we carried out tentative comparison of current and 
historic incubations to provide information on the temporal consistency of denitrification 
phenotypes. However, the effect of methodological changes (no oxic pre-incubation, 3 mM 
nitrate) cannot be excluded from the following analyses. Time to complete denitrification of 
added nitrate was dramatically lower in current incubations (average 19% of time taken in 
historic incubations). Soils, 33-Rae’s Junction, 37-Hakataramea and 1-Woodend maintained 
the negligible early N2O reduction (< 4.5% max N2 production before peak NO) associated 
with the sequential phenotype but showed decreases in hypothetically emitted N2O % or 
N2O/N2O+N2 ratios (5.1, 25 and 3.2 percent lower and 0.0085, 0.15 and 0.071 lower on 
average respectively) compared with historic incubations (Figure S3.2, right, A, B). These 
observed decreases are probably explained by the slightly earlier dramatic rate increase in 
N2O reduction, which occurred at peak NO rather than peak N2O as in historic incubations. 
For non sequential soils, 22-Karangarua, 11-Tapawera, 40-Fairlie-Geraldine, 24-Makarora, 
differences in hypothetically emitted N2O  % or N2O/N2O+N2 ratios were variable in 
direction and magnitude (Figure S3.2, right, A, B). Again, with all soils taken together, there 
was no significant direction of effect on measures of N2O emission (Figure S3.2, left, 
Wilcoxon signed rank, p>0.05). The above differences were large enough to result in changes 
to soil rankings based on hypothetically emitted N2O% (Spearmans’s correlation Current vs. 
Historical, ρ=0.64, p>0.05) and N2O/N2O+N2 ratio (Spearmans’s correlation Current vs. 
Historical, ρ=0.57, p>0.05). Additionally, pH was not correlated to N2O/N2O+N2 ratios 
(Spearmans rho, pH-H2O and pH-CaCl2 vs. N2O, p>0.05 ) and hypothetically emitted N2O % 
(Spearmans rho, pH-H2O and pH-CaCl2 vs. N2O, p>0.05 ), which is consistent with historical 
incubations of these soils. 
The above analyses show some consistency of phenotypes over time but significant changes 






Figure S3.1. N2O ratios and Max NO simultaneously decrease after successive nitrate 
additions in anoxic soil incubations. Graph compares N2O/N2O+N2 ratio and max NO after 
the 1st and 3rd nitrate addition (see Figure 3.1 for full gas kinetics) for each soil incubation 











































































Figure S3.2 Differences between measures of N2O emission potential between current 
(2018) and historical (2016) anoxic soil incubations of 7 New Zealand pasture soils. 
Differences in N2O/N2O+N2 ratio (A) and N2O hypothetically emitted % (B). All soil paired 
differences in (left). Individual soil differences including triplicate replications (right): bars 


























































































































































































Table S4.1. Cell based assay treatment constituents 
 
Treatment (pH, cells + 
extract)
NH4NO3 
(final 3 mM 
conc)
Buffered carbon extract pH Replicates Cells
Standard treatments
HEC + HEE 0.5 ml 22.5 ml RJ 6 3 2 ml RJ
HEC + LEE 0.5 ml 22.5 ml Kr 6 3 2 ml RJ
LEC + HEE 0.5 ml 22.5 ml RJ 6 3 2 ml Kr
LEC + LEE 0.5 ml 22.5 ml Kr 6 3 2 ml Kr
Carbon amended controls
HEC + HEE +C 0.5 ml 22.5 ml RJ + glutamate (3 mM) 6 2 2 ml RJ
HEC + LEE +C 0.5 ml 22.5 ml Kr + glutamate (3 mM) 6 3 2 ml RJ
LEC + HEE +C 0.5 ml 22.5 ml RJ + glutamate (3 mM) 6 3 2 ml Kr
LEC + LEE +C 0.5 ml 22.5 ml Kr + glutamate (3 mM) 6 2 2 ml Kr
Carbon negative controls
HEC + H2O 0.5 ml 22.5 ml buffered milliQ H2O 6 2 2 ml RJ
LEC + H2O 0.5 ml 22.5 ml buffered milliQ H2O 6 2 2 ml Kr
Cell free controls
H extract 0.5 ml 22.5 ml RJ 6 2 2 ml milliQ H2O
L extract 0.5 ml 22.5 ml Kr 6 2 2 ml milliQ H2O
Treatment (pH, cells + 
extract)
NH4NO3 
(final 3 mM 
conc)
Buffered carbon extract pH Replicates Cells
Standard treatments
6 HEC + HEE 0.5 ml 22.5 ml RJ 6 3 2 ml RJ
6.6 HEC + LEE 0.5 ml 22.5 ml Tp 6.6 3 2 ml RJ
6 LEC + HEE 0.5 ml 22.5 ml RJ 6 3 2 ml Tp
6.6 LEC + LEE 0.5 ml 22.5 ml Tp 6.6 3 2 ml Tp
Alternative pH controls
6.6 HEC + HEE 0.5 ml 22.5 ml RJ 6.6 2 2 ml RJ
6 HEC + LEE 0.5 ml 22.5 ml Tp 6 3 2 ml RJ
6.6 LEC + HEE 0.5 ml 22.5 ml RJ 6.6 3 2 ml Tp
6 LEC + LEE 0.5 ml 22.5 ml Tp 6 2 2 ml Tp
Carbon negative controls
6 HEC + H2O 0.5 ml 22.5 ml buffered milliQ H2O 6 2 2 ml RJ
6.6 LEC + H2O 0.5 ml 22.5 ml buffered milliQ H2O 6.6 2 2 ml Tp
Cell free controls
H extract 0.5 ml 22.5 ml RJ 6 2 2 ml milliQ H2O
L extract 0.5 ml 22.5 ml Tp 6.6 2 2 ml milliQ H2O
CBA#1: Parent soils Rae's Junction (RJ) Karangarua (Kr)
CBA#2: Parent soils Rae's Junction (RJ) and Tapawera (Tp)
 
 
Table S4.2. CBA-pH high pH (6.6) treatments: Differences in treatment emission potential indicating strength of cell and extract origin effects 
 
*Emission potential differences are expressed relative to the HE extract or cells. Positive values indicate reduced N2O emission potential when LE extracts or cells 
were used. 
*Greyed difference values have non-overlapping confidence intervals with the appropriate comparison. Direct comparison of cell vs extract difference values should 






















HE cells + HE extract 0.38 0.01,'0.76 5.75 0.38, 11.11 0.05 0,'0.1 0.31 +0.04,'0.66 0.65 +0.03,'1.33 5.44 0.43,'10.45
HE cells + LE extract 0.32 0.21, 0.43 2.91 2.27, 3.55 0.06 +0.09,'0.22 0.31 +0.59,'1.21 0.53 0.34,'0.71 2.60 1.68,'3.52
LE cells + HE extract 0.32 0.29,'0.34 6.73 6.25, 7.21 0.20 0.17,'0.23 2.11 1.9,'2.33 0.43 0.38,'0.47 4.61 3.98,'5.25
LE cells + LE extract 0.12 0.11, 0.14 1.19 1.01, 1.36 0.19 0.16,'0.22 1.19 1.02,'1.36 0.00 0,'0 0.00 0,'0
Cell effect Differences Differences Differences Differences Differences Differences
HE, HE vs LE, HE 0.07 -0.08, 0.21 -0.98 +5.14,'3.18 +0.15 +0.18,'+0.13 +1.80 +1.99,'+1.62 0.22 +0.37,'0.81 0.82 +2.4,'4.05
HE, LE vs LE, LE 0.19 0.09, 0.3 1.72 1.13,'2.31 +0.13 +0.28,'0.02 +0.87 +1.73,'+0.02 0.53 0.34,'0.71 2.60 1.67,'3.52
Average cell effect 0.13 0.37 +0.14 +1.34 0.37 1.71
Extract effect Differences Differences Differences Differences Differences Differences
HE, HE vs HE, LE 0.07 -0.25, 0.38 2.84 +0.73,'6.4 +0.02 +0.17,'0.14 0.00 +0.88,'0.88 0.12 +0.15,'0.38 2.84 0.38,'5.3
LE, HE vs LE, LE 0.19 0.17, 0.21 5.54 5.12,'5.96 0.01 +0.02,'0.03 0.93 0.75,'1.11 0.43 0.38,'0.47 4.61 3.98,'5.25






Table S4.3. CBA-pH low pH (6) treatments: Differences in treatment emission potential indicating strength of cell and extract origin effects  
 
*Emission potential differences are expressed relative to the HE extract or cells. Positive values indicate reduced N2O emission potential when LE extracts or cells 
were used. 
*Greyed difference values have non-overlapping confidence intervals with the appropriate comparison. Direct comparison of cell vs extract difference values should 




















HE cells + HE extract 0.41 0.38, 0.44 4.77 4.04, 5.5 0.20 0.15,)0.26 1.27 0.93,)1.62 0.65 0.63,)0.67 3.49 3.06,)3.93
HE cells + LE extract 0.38 0.32,)0.43 3.03 2.1, 3.96 0.11 0.08,)0.14 0.48 0.34,)0.62 0.71 0.59,)0.84 2.55 1.51,)3.58
LE cells + HE extract 0.57 0.54, 0.61 9.61 8.49, 10.73 0.46 0.4,)0.51 4.62 3.95,)5.3 0.75 0.74,)0.76 4.99 4.54,)5.44
LE cells + LE extract 0.24 .0.04,)0.52 2.44 -0.67, 5.54 0.24 0.01,)0.48 2.44 .0.67,)5.54 0.00 0,)0 0.00 0,)0
Cell effect Differences Differences Differences Differences Differences Differences
HE, HE vs LE, HE -0.16 -0.19, -0.13 -4.85 -5.77, -3.92 .0.25 .0.3,).0.2 .3.35 .3.91,).2.78 .0.10 .0.11,).0.08 .1.50 .1.9,).1.1
HE, LE vs LE, LE 0.14 0.01, 0.27 0.59 -0.6, 1.78 .0.13 .0.27,)0.01 .1.95 .4.84,)0.94 0.71 0.59,)0.84 2.55 1.51,)3.58
Average cell effect -0.01 -2.13 .0.19 .2.65 0.31 0.52
Extract effect Differences Differences Differences Differences Differences Differences
HE, HE vs HE, LE 0.03 -0.01, 0.08 1.74 0.96, 2.52 0.10 0.05,)0.14 0.79 0.49,)1.09 .0.06 .0.19,)0.06 0.95 0.06,)1.84
LE, HE vs LE, LE 0.33 0.15, 0.52 7.18 5.99, 8.37 0.21 0.12,)0.31 2.19 0.83,)3.55 0.75 0.74,)0.76 4.99 4.54,)5.44







Figure S4.1. Soil denitrification gas accumulation kinetics show contrasting N2O emission 
potential based on early N2O reduction (N2 production) activity. Soils are ordered 
anticlockwise from low to higher N2O hypo emit ratios. Headspace gases NO (blue), N2O 
(orange), N2 (black) were quantified every 4 hrs from triplicate (dots, squares, triangles) 3 
mM NH4NO3 amended (by flooding and draining) anoxic soil incubations. Note separate 
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Figure S4.2. Sudden reductions in N gas turnover rate and CO2 accumulation rates are associated with sudden decreases in N2 accumulation rate and 
increased N2O accumulation. CBA-int standard treatments (A) and CBA-pH standard treatments + pH controls (B). Headspace gases NO (blue), N2O 
(orange), N2 (black) were quantified every 4 hrs from 3 mM NH4NO3 amended anoxic extracted cell and carbon based incubations. Average gas 
accumulation and rates from triplicate or minimum duplicate (alternative pH controls, B right) incubations are presented for total N gas turnover rate 







Figure S4.3. Comparison of cell based assay N2O ratios and N2O emitted (µmol-N per vial) across different assay periods. CBA-int (A,B) or CBA-
pH (C,D). Cell based assay gas accumulation kinetics were split into an overall period (black), period 1 (orange) and period 2 (blue). The cutoff 
between period 1 and 2 was the point at which N2 production rates decreased below, and consistently stayed below, 60% max N2 accumulation rate 
for a given incubation. N2O ratios and N2O emitted summarise the N2O emission potential from CBA anoxic incubations amended with 3 mM NH4NO3 
and are calculated as N2O/N2O+N2 and total N2O accumulated at the end of a defined incubation period, where phases of net negative N2O accumulation 
are ignored to account for multiple gas peaks. Triplicate vials were included per treatment. Results from triplicate vials per treatment are presented 
























































































   
  
 






























































































































































































Figure S4.4. Extended 6 HEC + LEE CBA-pH incubation highlights additional N2 linear 
rate switches. Headspace gases NO (blue), N2O (orange), N2 (black) were quantified every 4 
hrs from duplicate (dots, squares, triangles) 3 mM NH4NO3 amended anoxic extracted cell 
and chemistry based incubations. 
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